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PREFACE 

The  Army  Weapon  Systems  Analysis  (AWSA)  Handbook  consists  of  tw  o  parts  and  has  been  prepared  to 
record  an  extensive  field  in  a  condensed  form.  i.e..  some  of  the  highlights  of  weapon  evaluations 
developed  bv  the  Army  since  about  1943.  The  need  to  descril  ?  and  to  standardize  weapon  evaluation 
methodologies  insofar  as  possible  also  existed  —  the  AWSA  Handbook  attempts  to  satisfy  this  need. 
Parts  One  and  Two  are  in  separate  parts  —  Part  One  contains  Chapters  1-24,'  and  Part  Two  contains 
Chapters  25-46.  A  brief  but  fairly  informative  description  of  Part  One  is  given  at  the  beginning  of  Chap¬ 
ter  25. 

— 4  Although  Part  Two  covers  some  of  the  more  advanced  topics  of  the  field  of  Army  Weapon  Systems 
Analysis,  it  starts  with  the  definition  of  and  concepts  relating  to  measures  of  effectiveness  (MOE),  and 
describes  in  some  detail  many  MOE’s.  The  aim  is  to  point  out  that  MOE's  are  not  universal  but  may 
depend  on  particular  evaluations,  and  the  Army  analyst  is  introduced  to  the  relation  between  the 
problem  of  modeling  processes  and  MOE’s.  After  an  introduction  to  target  detection  phenomena  and 
to  the  development  of  target  detection  probabilities,  the  important  topics  of  Lanchester  type  combat 
theory  for  homogeneous  and  heterogeneous  forces  are  given  in  much  depth  since  these  topics  lead  up 
to  weapon  equivalence  concepts  and  studies.  For  the  present-day  analyst,  the  fields  of  optimal  firing 
policies,  weapon-target  allocation  problems,  human  factors,  and  cost  analysis  estimation  must  be 
tather  thoroughly  covered  —  at  least  to  the  extent  herein.  Moreover,  it  was  felt  important  to  include 
also  an  introduction  to  cost-effectiveness  evaluatioj^.  the  cojn^egj^of  survivability,  and  an  introduction 
to  countermeasures  and  their  analytical  treatment.  iVr describe  some  of  the  prime  topics  in  the  history 
of  war  games  and  combat  simulations,  including  developments  and  uses,  and  brief  descriptions  of 
some  of  the  key  war  games  or  computer  simulations  of  combat.  The  last  chapters  of  Part  Two  cover 
evaluation  techniques  for  infantry  weapons,  tank  weapon  Systems,  artillery  families,  air  defense 
(Modern  Cun  Effectiveness  Model),  and  the  principles  and  an  illustration  of  cost  and  operational  ef¬ 
fectiveness  analyses.  —Ur 

W'ith  this  brief  but  cursory  explanation  of  the  contents  of  the  AWSA  Handbook,  we  believe  it  should 
be  clear  that  both  parts  contain  sufficient  depth  of  subject  matter  to  provide  both  an  appropriate 
background  for  the  young  analysts  entering  the  field  of  Army  military  operations  research,  and  a 
valuable  source  of  reference  material  for  t,hc  practicing  systems  analysts.  An  attempt  has  been  made  to 
prepare  the  Handbook  in  somew  lat  of  an  elementary  manner;  derivations  were  kept  to  a  minimum  by 
citing  pertinent  references  in  the  operations  research  literature.  Nevertheless,  it  is  realized  that  some 
suitable  background  in  the  way  of  military  operations  research  theory  and  symbolic  representation  is 
necessary  to  record  many  key  results  of  which  the  Army  analyst  should  have  occasional  use.  We 
believe  that  the  cited  references  md  the  bibliographies  within  the  chapters  will  suffice  to  give  much 
valuable  source  material  for  those  who  desire  to  acquire  a  more  extensive  knowledge  of  the  subjects 
discussed  herein,  or  to  provide  a  oase  on  which  interested  and  capable  analysts  could  perform  further 
research  on  the  methodology.  For  those  readers  primarily  interested  in  applications,  we  have  provided 
many  pertinent  examples  or  illu  itrations  to  indicate  just  how  theories  or  models  may  be  used. 

As  was  the  case  for  Part  One,  Part  Two  is  also  predominantly  the  contributions  and  work  of  Dr.  Frank 
E.  Grubbs  —  formerly  Chief  Operations  Research  Analyst  of  the  US  Army  Ballistic  Research 
Laboratories  —  who  prepared  both  parts  for  the  Engineering  Design  Handbook  Office  of  the  Research, 
l  nangle  Institute,  Research  Triangle  Park,  NC,  prime  contractor  to  the  US  Army  Materiel  Develop¬ 
ment  and  Readiness  Command  (DARCOM).  Some  of  the  material  of  Chapter  27  on  detection 
phenomena  et  al.  has  been  based  on  a  draft  prepared  by  the  ARINC  Corporation  in  the  early  1970’s, 
and  we  have  leaned  on  the  contributions  of  many  military  operations  research  analysts  for  their  fine 
xviii  — — 
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publications  in  the  literature.  In  connection  with  the  preparation  of  this  handbook,  we  are  indebted  to 
Dr.  Robert  J.  Eicbelberger,  Director  of  the  US  Army  Ballistic  Research  Laboratory,  for  his  support 
which  contributed  in  a  major  way  to  the  accomplishments  recorded  herein. 

The  US  Army  DARCOM  policy  is  to  release  these  Engineering  Design  Handbooks  in  accordance 
with  DOD  Directive  7230.7,  IS  September  1973.  Procedures  for  acquiring  Handbooks  follow  : 

a.  All  Department  of  Army  (DA)  activities  that  have  a  need  for  Handbooks  should  submit  their 
request  on  an  official  requisition  form  (DA  Form  17,  17  January  1970)  directly  to: 

Commander 

Letterkenny  Army  Depot' 

ATTN:  SDSLE-AJD  / 

Chambersburg,  PA  17201. 

"Need  to  know”  justification  must  accompany  requests  for  classified  Handbooks.  DA  activities  will 
not  requisition  Handbooks  for  further  free  distribution. 

b.  DOD,  Navy,  Air  Force,  Marine  Corps,  nonmilitary  Government  agencies,  contractors,  private 
industry,  individuals,  and  others — who  are  registered  with  the  Defense  Documentation  Center  (DI)C) 
and  have  a  National  Technical  Information  Service  (NTIS)  deposit  account-may  obtain  Handbooks 
from: 

Defense  Documentation  Center 
Cameron  Station 
Alexandra,  VA  22314. 

c.  Requestors,  not  part  of  DA  nor  registered  with  the  DDC,  may  purchase  unclassified 
Handbooks  from: 

National  Technical  Information  Center 
Department  of  Commerce 
Springfield,  VA  22161. 

Comments  and  suggestions  on  this  Handbook  are  welcome  and  should  be  addressed  to: 
Commander 

US  Army  Materiel  Development  and  Readiness  Command 
Alexandria,  VA  22333. 

(DA  Form '2028,  Recommended  Changes  to  Publications,  which  is  available  through  normal  publica¬ 
tion  channels,  may  be  used  for  comments/suggestions.) 
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CHAPTER  25 

INTRODUCTION  TO  PART  TWO,  ARMY  WEAPON 
SYSTEMS  ANALYSIS  HANDBOOK 

This  introductory  chapter  gives  a  brief  account  of  the  contents  of  Part  One  (Chapters  1-24  of  the  Army  Weapon 
Systems  Analysis  Handbook  (A  U'S.4 )  in  the  form  of  chapter  titles  and  abstracts  or  summaries,  thus  recording  in 
this  Part  Two  an  account  of  the  topics  which  have  been  discussed  and  covered  in  the  separate  volume. 

Part  Two  of  the  A  U'5.4,  covering  Chapters  25-46,  is  then  described  in  pertiunt  discourse  for  the  remainder  of 
this  chapter  so  that  the  redder  may  have  a  reference  guide  and  obtain  a  suitable  understanding  of  the  extended  methods 
of  weapon  systems  analysis  covered  in  this  separate  and  final  volume. 

25-1  INTRODUCTION 

The  Army  Weapon  Systems  Analysis  Handbook  (AWSA)  consists  of  forty-six  chapters  which  cover 
the  methods  of  military  operations  research  used  in  the  evaluations  of  weapons  or  weapon  system 
potential.  The  Handbook  is  divided  into  two  parts.  Part  One  covers  twenty-four  chapters  of  the  more  or 
less  introductory  material  which  the  young  or  practicing  weapon  systems  analyst  will  often  have  need 
of  in  his  work.  Chapters  1-24  of  Part  One  are  described  in  par.  25-2  in  the  form  of  chapter  titles  and 
abstracts  or  summaries-  This  coverage  of  chapter  contents  should  provide  the  reader  with  a  useful  ac¬ 
count  of  the  methods  and  techniques  which  will  have  rather  wide  applications  to  many  problems  in  the 
analysis  of  weapon  performance. 

Part  Two  of  the  Army  Weapon  Systems  Analysis  Handbook  consists  of  Chapters  25-46,  inclusive.  These 
chapters  cover  some  of  the  more  advanced  topics  in  the  field  of  weapon  systems  analysis,  including 
measures  of  effectiveness  iMOEl;  target  detection  phenomena  and  probabilities;  combat  theory  for 
homogeneous  and  heterogeneous  forces;  weapon  equivalence  studies;  optimal  weapon  firing  policies; 
weapon-target  allocation  problems;  human  factors  and  human  engineering;  analysis  of  costs;  cost- 
effectiveness  studies;  survivability  considerations;  countermeasures  and  their  analytical  treatment; 
war  games;  computerized  combat  simulatiohs;  some  example  evaluations  of  small  arms,  tank  and  an¬ 
titank  weapons,  field  artillery,  and  air  defense  weapons;  and  cost  and  operational  effectiveness 
analyses,  (C(  )E.Vs ).  In  order  to  orient  the  reader  properly  and  indicate  the  coverage  more  precisely,  a 
brief  discu^-ion  of  these  topics  of  Part  Two  is  given  in  par.  25-3. 

25-2  BRIEF  DESCRIPTION  OF  THE  ARMY  WEAPON  SYSTEMS  ANALYSIS, 
PART  ONE,  HANDBOOK 

In  the  following,  we  present  an  informative  and  comprehensive  account  of  Chapters  1-24  of  the  Army 
Weapon  Systems  Analysis,  Part  One,  Handbook  in  the  form  of  the  various  chapter  titles  and  the  abstracts 
or  summaries.  This  type  of  presentation  should  provide  the  reader  with  a  good  synopsis  of  the 
analytical  methods  covered,  as  well  as  indicate  just  where  to  locate  any  material  of  possible  interest. 
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PART  ONE  —  ARM\  WEAPON  SYSTEMS  ANALYSIS  HANDBOOK 

Chapter  1.  Background  and  Purpose  of  the  Army  Weapon  Systems 

Analysis  Handbook 

A  brief  sketch  is  given  of  the  historical  development  and  value  of  military  operations  research  and  systems  analysis  in 
the  L'S  Army.  The  purposes  of  the  handbook  are  also  outlined. 

Chapter  2.  What  Is  Operations  Research/Systems  Analysis? 

Definitions  are  given  for  the  relatively  new  fields  of  operations  research  and  systems  analysis  (  OR/SA ),  and  some 
current  OR/SA  terminology  is  discussed. 

Chapter  3.  Handbook  Cohtent  and  Use 

An  overview  of  the  content  and  use  of  this  Handbook  (Part  One)  is  presented. 

Chapter  4.  Objectives  and  Applications  of  Weapon  Systems  Analysis 

This  chr.p'er  describes  the  objectives  and  benefits  sought  by  the  Army  through  the  performance  of  weapon  systems 
analysis.  The  chapter  also  addresses  the  progression  of  a  weapon  system  from  concept  through  development  and  deploy¬ 
ment  to  disposal. 

Chapter  5.  Documentation  and  Management  of  Weapon  System  Resources 

An  account  is  given  of  some  of  the  goals,  documentation,  and  management  of  weapon  systems  resources  in  the  Depart¬ 
ment  of  Defense  ( DOD)  and  the  Army. 

Chapter  6.  Role  of  the  Systems  Analyst 

The  role  of  the  weapon  systems  analyst  is  discussed  in  sufficient  detail  to  indicate  the  character,  scope,  and  boundaries 
of  his  general  activities. 

Chapter  7.  Role  of  the  Decision  Maker 

The  key  role  of  the  decision  maker  in  the  review  and  implementation  of  the  weapon  systems  analysis  studies  is  charac¬ 
terized  and  highlighted. 

Chapter  8.  The  Sphere  of  Conflict 

The  types  of  war,  intensities  of  conflict,  levels  of  commitment;  army  combat  functions,  objectives,  operations,  and 
trends;  and  the  army  combat  organizations  are  discussed. 

Chapter  9.  The  Physical  Environment 

The  nature  and  effect  of  the  physical  environment  in  combat  on  general  weapon  employment  is  discussed. 

Chapter  10.  Some  Fundamentals  of  Offense,  Defense,  and  Target 

Damage  Assessment 

An  introduction  to  offensive  actions,  defensive  actions,  and  target  damage  assessment  is  given  to  enlighten  the  analyst 
in  such  phases  of  combat.  The  "shoot-look- shoot"  tactic  and  methodology  are  discussed  also. 

Chapter  11.  Factors  Affecting  Target  Selection 

Some  of  the  problems  of  detecting,  acquiring,  locating,  and  engaging  enemy  targets  by  friendly  weapon  systems  are 
discussed.  Also,  problems  relating  to  target  analysis,  worth,  assignment,  reaction,  and  recovery  are  introduced.  The 
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scope  of  the  chapter  is  rather  elementary  and  introductory  since  the  overall  target  acquisition  problem  is  of  wide  soj  e  and 
must  be  covered  in  more  detailed  analyses  elsewhere.  The  importance  of  timely  detection,  acquisition,  and  engagement  of 
enemy  targets  cannot  be  stressed  too  much,  however,  since  the  efficient  utilization  of  friendly  weapons  is  critically  depen¬ 
dent  on  target  selection  and  engagement.  Target  detection  chances  are  introduced. 

Chapter  12.  The  Scenario 

The  use  of  the  scenario  is  examined  as  an  important  tool  in  the  evaluation  of  weapon  systems.  The  chapter  explains 
how  study  objectives,  assumptions,  limitations ,  and  specific  guidance  received  from  the  sponsor  of  the  study  —  in  addi¬ 
tion  to  operational  facto,  s  —  are  used  to  simulate  realistic  conflict  situations. 

Chapter  13.  Weapon  Delivery  Error  Characteristics  and  Distributions 

Described  are  delivery  error  distributions,  for  the  impacts  of  rounds  fired  from  a  weapon,  which  are  commonly  used  in 
evaluations,  along  with  the  concepts  of  probable  error  (PE),  circular  probable  error  ( CEP),  and  some  preliminary 
coverage  of  the  probability  of  hitting.  The  problem  of  estimation  of  parameters  of  delivery  error  distributions  also  is  con¬ 
sidered  briefly. 

Chapter  14.  Probability  of  Hitting  for  Single  Rounds 
Single-Shot  Hit  Probabilities 

A  description  is  given  of  the  methods  of  calculating  the  chances  of  hitting  targets  of  different  shapes  for  the  case  of 
single  or  individual  rounds.  The  methodology  includes  both  exact  and  approximate  techniques  for  determining  hit 
probabilities  for  the  cases  of  the  centered  aim  point  and  offset  aim  point. 

Chapter  15.  Vulnerability  and  Lethality 

Vulnerability  of  targets  to  attack,  and  the  lethality  of  warheads  against  personnel  or  soft  targets  are  presented  from 
the  point  of  view  of  the  weapon  systems  analyst.  In  particular,  the  analyst  must  deal  with  the  basic  concepts  of 
vulnerable  areas  and  lethal  areas,  or  "mean  areas  of  effectiveness”,  in  his  evaluation  of  weapon  systems. 

Chapter  16.  Rates  of  Fire 

In  view  of  the  importance  of  the  rate  of  fire  of  weapons,  this  topic  is  introduced  and  explored  in  some  preliminary 
detail  for  the  weapon  systems  analyst. 

Chapter  17.  Introduction  to  Stochastic  and  Other  Duels 

Hit  probabilities,  conditional  chances  thpt  hits  are  kills,  and  rates  of  fire  are  the  basic  parameters  in  the  analysis  of 
duels. These  quantities  are  combined  in  models  for  stochastic  duels,  and  the  chances  of  winning  can  be  determined  for 
various  firing  strategies,  thereby  predicting  weapon  performance. 

Chapter  18.  Response  Time 

Some  implications  of  weapon  response  times  are  discussed. 

Chapter  19.  Fuzing 

Fuge  action  generally  has  some  effect  on  both  the  delivery  accuracy  of  projectiles  or  missiles  along  their  trajectories  and 
also  on  the  terminal  effectiveness  of  the  warhead.  Thus,  the  analyst  must  be  familiar  with  the  principles  of  fuge  opera¬ 
tion  and  evaluate  fuze  performance,  including  in  particular  random  variations,  which  must  be  taken  into  proper  account 
in  the  analysis  of  weapon  systems.  The  reliability  and  safety  of  fuzing  systems  represent  major  considerations  to  be 
reckoned  with. 
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Chapter  20.  Multiple  Round  Hit  Probabilities,  Target  Coverage, 

And  Target  Damage 

Methods  for  calculating  multiple  round  hit  probabilities  i  usually  the  chance  of  at  least  one  hit:,  the  pactional 
coverage  of  targets  for  salvos  of  rounds ,  and  the  fractional  damage  to  targets  i  casualties  for  salvos  are  covered.  The 
models  used  necessarily  must  take  into  account  the  round-to-rnund  ballistic  dispersion,  the  aiming  emrs  fir  multipit 
rounds ,  the  correlation  between  rounds  for  automatic  or  target  tracking  weapons ,  target  .ages  and  characteristics,  target 
nilnerabihty,  and  warhead  lethality.  Moreover,  suitably  accurate  approximations  must  be  used. 

Chapter  21.  Reliability,  Life  Testing,  Reliability  Growth, 

Availability,  and  Maintainability 

Due  to  the  ever  increasing  complexity  of  materiel  and  the  demand  for  high  quality,  we  can  say  that  reliability,  life¬ 
testing,  maintainability,  and  availability  now  represent  some  of  the  more  important  characteristics  of  weapon  systems 
requiring  accurate  evaluation.  The  weapon  systems  analyst  must  be  thoroughly  familiar  with  certain  life-time  or 
failure-time  distributions .  Therefore,  we  cover  here  the  exponential,  the  lognormal,  the  Wcibull.  the  gamma,  and  the 
binomial  reliability  di  stributions,  and  how  they  are  applied  to  the  evaluations  of  weapons.  H  V  cover  also  the  estimation 
of  population  parameters,  the  system  reliability,  and  how  to  determine  confidence  bounds  on  system  reliability  from  com¬ 
ponent  test  data.  Some  considerations  of  the  analytical  aspects  of  high  reliability  are  discussed  for  the  analyst,  as  well  as 
the  concept  of  tolerance  limits  for  distributions.  On  occasions,  availability  and  maintainability  analyses  will  be  required 
of  the  analyst  and  are  therefore  introduced. 

Chapter  22.  Mobility,  Maneuverability,  and  Agility 

The  concepts  of  mobility,  maneuverability,  and  agility  have  defied  definition,  quantification,  and  adequate  modeling 
for  many,  many  years.  Nevertheless,  the  weapon  systems  analyst  must  be  thoroughly  conversant  with  such  measures  of  ef¬ 
fectiveness  and  often  take  them  into  consideration  in  his  evaluation  process.  The  description  given  in  this  chapter  should 
give  the  analyst  a  good  introduction  to  some  of  the  principles  involved. 

Chapter  23.  Logistic  Planning  and  Support 

The  design,  development,  production,  and  deployment  of  weapon  systems  must  take  into  account  the  problems  of 
logistic  planning  and  support ;  therefore,  the  evaluation  of  weapons  necessarily  involves  the  quantification  of  logistical 
factors  in  the  overall  process.  Some  of  the  considerations  for  logistic  planning  and  support  type  factors  for  the  systems 
analyst  are  covered,  indicating  the  need  for  the  analysis  of  a  complex  stochastic  area  of  endeavor. 

Chapter  24.  The  WSEIAC  Evaluation  Model 

An  account  is  given  of  the  Weapon  Systems  Effectiveness  Industry  Advisory  Committee  (  WSEIAC)  model  or  meth¬ 
odology  for  evaluating  weapon  systems.  7  his  study  of  methodology  was  performed  for  the  VS  Air  Force  in  the  rriid- 
1960’s  and  attempts  to  evaluate  weapon  systems  on  the  basis  of  three  primary  factors:  (■  1)  Availability  (readiness  ),(2) 
Dependability  ( reliability),  and  ( 3)  Capability  ( performance).  These  three  factors  are  converted  to  a  single  measure  of 
effectiveness  which  characterizes  the  overall  performance  of  a  weapon  system.  Examples  illustrating  the  methodology  art 
given. 

25-3  BRIEF  DESCRIPTION  OF  THE  CHAPTERS  OF  THE  ARMY  WEAPON 
SYSTEMS  ANALYSIS,  PART  TWO,  HANDBOOK 

In  the  paragraphs  that  follow,  we  Outline  the  contents  of  Chapters  26-46  of  the  Army  Weapon  Systems 
Analysis,  Part  Two,  Handbook,  giving  some  guidelines  on  their  usefulness  and  characteristic  formula¬ 
tions. 
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Chapter  29  gives  a  rather  broad  and  informative  introduction  to  Measures  of  Effectiveness  (MOE).  A 
MOE  is  a  criterion  expressing  the  extent  to  which  a  combat  system  or  a  weapon  performs  its  mission 
assignment  under  a  spe^P^d  set  of  conditions.  Almost  any  characteristic  of  r.  weapon  or  weapon 
•system  (unfortunately)  may  be  a  measure  of  effectiveness,  however.  For  example,  weapon  delivery 
error  characteristics,  Such  as  the  Circular  Probable  Error  (CEP),  hit  probabilities,  and  kill  chances,, 
represent  possible  MOE's.  The  analyst  is  warned  that  the  proper  choice  of  a  MOE  for  an  evaluation  is 
often  difficult,  but  it*is  mandatory  nevertheless.  It  is  recommended  that  the  practicing  analyst  attempt, 
if  at  all  possible,  to  select  that  MOE  which  possesses  an  overall  description  of  system  effectiveness.  In 
this  connection,  the  reader  may  note,  based  on  many  topics  covered  in  the  Handbook,  that  kill  rates 
appear  to  have  a  very'  centra!  role.  Otherwise,  some  extensive  study  may  be  required  for  various  ap¬ 
plications.  Many  exj#»ples  of  MOE’s  are  given  in  Chapter  26,  including  an  instructive  one  for  the  in¬ 
fantry  rifle. 

A  critical  problem  during  battles  is  that  of  timely  detection,  identification,  and  the  bringing  of  effec¬ 
tive  fire  on  enemy  targets,  for  this  reason,  Chapter  27  presents  a  discussion  of  some  of  the  basic 
phenomena  that  are  employed  in  target  detection  devices  or  equipment.  This  leads  to  some  of  the 
models  which  are  found  to  be  useful  in  describing  the  probability  of  detecting  a  target.  It  is  found  that 
signal-to-noise  ratio  is  important,  and  that  the  target  range  and  atmospheric  conditions  also  represent 
critical  parameters.  Terrain  and  vegetation  also  play  an  important  role.  The  chapter  is  aimed  at  giving 
the  young  weapon  systems  analyst  both  a  competent  background  and  a  proper  respect  for  the  problem 
of  detecting  targets  on  a  timely  basis,  for  otherwise  our  friendly  weapon  systems  would  not  exhibit 
their  potential  effectiveness.  Some  accounts  of  search  strategies  are  also  covered. 

In  Chapter  28,  we  tackle  one  of  the  central  problems  of  weapon  systems  analysis,  i.e.,  the  development 
of  models  or  theories  which  describe  combat  accurately  between  opposing  forces.  Frederick  William 
Lanchester  is  widely  recognized  as  the  pioneer  who  began  to  develop  the  theory  of  combat  in  about 
1914,  and  many  combat  models  carry  his  name.  Our  aim  in  this  chapter  is  to  present  some  of  the  more 
basic  or  preliminary  combat  laws  which  have  been  used  rather  widely  or  employed  to  advantage  by 
weapon  systems  analysts.  These  include  the  famous  Lanchester  Linear  Laws  for  direct  fire  or  area  fire, 
the  Lanchester  Square  Law,  the  Logarithmic  Law,  the  Mixed  Law  or  Deitchman’s  Guerrilla  Warfare 
model,  and  a  new  formulation  of  combat  theory  which  analyzes  target  kill-times  to  predict  the  course 
of  a  battle.  The  validation  of  Lanchester  Laws  is  discussed  and  the  estimation  of  attrition  coefficients 
covered.  Also,  the  transitijn  probabilities  during  battles  and  chances  of  a  side’s  winning  are  formu¬ 
lated  and  discussed.  In  some  cases,  such  as  for  exponential  kill-times,  stopping  rules  on  when  to  stop 
a  combat  simulation  may  be  developed  which  will  control  the  risks  of  erronr  n  judgments  concerning 
the  battle  outcome.  Many  useful  examples  are  displayed  for  the  reader.  „apter  28  is  developed 
around  the  concept  of  homogeneous  forces,  i.e.,  for  similar  weapon  systems  on  a  side. 

The  combat  type  formulations  for  homogeneous  forces  having  been  cov-red,  the  next  step  is  to  ex¬ 
tend  models  to  cover  heterogeneous  forces  or  the  combined  arms.  The  central  problem  here  is  to 
describe  the  relative  or  potential  effectiveness  of  combined  arms  teams,  employing,  for  example,  infan¬ 
try,  artillery,  tanks,  and  antitank  weapons,  jointly  and  simultaneously.  Chapter  29  covers  additional 
terms  for  the  Lanchester  equations  whicv  may  involve,  for  example,  resupply;  additional  production; 
and  noncombat  losses  due  to  accidents,  diseases,  and  epidemics.  The  idea  of  range-dependent  attrition 
coefficients  and  the  generalization  of  the  Lanchester  Laws  for  line-of-sight  considerations  are  present¬ 
ed,  and  a  basic  theory  for  combined  arms  or  heterogeneous  weapon  systems  is  discussed  for  the 
analyst.  All  of  this  material  lehds  up  to  the  problem  of  searching  for  methods  which  will  lead  to 
equivalence  relations  between  weapons  of  different  types. 
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The  weapon  systems  analyst  would  surely  be  at  a  great  loss  if  he  were  not  properly  equipped  to  han¬ 
dle  the  problem  of  weapon  equivalence  srudies.  Therefore,  the  next  chapter.  Chapin  Hi,  is  devoted  to 
presenting  methodology  which  can  be  used  to  determine  equivalence  relations  for  diverse  or 
heterogeneous  weapon  systems.  In  fact,  a  Lanchester  type  relationship  is  found  between  opposing 
forces  (1)  employing  heterogeneous  weapon  systems  and  (2)  employing  equivalent  homogeneous  tvpe 
weapons.  This  is  developed  through  the  important  and  central  parameter  in  all  weapon  systems 
analysis  studies  —  namely,  kill  rates.  The  theory  is  developed  to  display  the  determi nation  of  relative 
weights  or  values  of  different  weapon  types  in  a  conflict.  Also,  killer-victim  scoreboards  are  discussed 
and  analyzed,  and  the  force  ratio  as  a  function  of  battle  time  is  given.  Several  useful  applications  to 
typical  weapon  analysis  problems  are  covered  for  the  young  or  practicing  analyst. 

Although  the  course  of  battles  may  often  take  on  more  or  less  a  random  form  of  excursion,  it  is 
nevertheless  worthwhile  to  consider  optimal  policies  for  the  Tiring  of  weapons  end  the  best  allocation  of 
weapons  to  targets  that  appear  on  the  battlefield.  These  two  topics  are  presented  in  Chapters  31  and 
32.  As  will  ne  seen,  there  are  gains  to  be  realized  from  either  or  both  of  the  suggested  practices  of  em¬ 
ployment  of  weapons  during  combat. 

Published  literature  On  optimal  firing  policies  for  weapons  is  not  very  extensive,  although  there  is 
nevertheless  something  to  say  for  conserving  ammunition  and  firing  so  that  the  effectiveness  of  a 
weapon  may  be  maximized  in  some  way.  Thus,  there  is  no  point  in  firing  rounds  at  the  remote  ranges 
for  which  hit  and  kill  chances  are  very  small;  and,  given  a  fixed  number  of  rounds  or  some  boundary 
conditions  on  amount  of  ammunition  supplied  per  day,  the  firing  procedures  must  be  conducted 
to  uesi  defend  friendly  elements.  Simply  stated,  it  becomes  desirable  to  know  the  opening  range  that 
Blue  should  open  fire  on  approaching  Red  troops,  and  to  allocate  his  rounds  so  that  maximum  effec¬ 
tiveness  is  attained  in  protecting  Blue — especially  for  a  given  or  limited  number  of  rounds  available  for 
firirtg.  This  indeed  is  the  type  of  problem  approached  in  Chapter  31,  and  it  is  found  that  one  must 
devfelop  the  concept  of  a  “gain”  function  to  be  used.  In  other  words,  Blue  must  consider  what  can  be 
gained;  or  better  still  the  “value  received”  by  Blue  overall  will  depend  on  the  distance  at  which  Red 
can  be  annihilated,  since  Blue  would  neither  like  to  have  his  position  overrun  nor  would  he  like  to  risk 
too  much  to  close-in  fighting  either.  Optimal  policies  for  firing  a  single  weapon  at  a  target  are  dis¬ 
cussed  in  Chapter  31,  and  examples  of  problems  which  can  be  solved  are  given.  Also,  the  problem  of 
firing  many  or  diverse  types  of  weapons  is  discussed. 

Ammunition  often  is  wasted  by  firing  at  targets  in  an  indiscriminate  manner.  Therefore,  it  becomes 
highly  desirable,  and  in  fact  leads  to  improved  weapons  effectiveness,  to  allocate  particular  weapons  *  > 
engage  specific  targets  which  the  weapons  are  capable  of  defeating  in  some  systematic  fashion.  Thr 
brings  up  the  idea  of  investigating  methods  for  development  of  the  best  allocations  of  weapons  to 
targets  as  covered  in  Chapter  32.  There  are  many  different  models  and  procedures  available  for 
allocating  weapons  to  targets.  Some  are  rather  involved  or  intricate  and,  for  example,  use  linear 
programming  techniques,  dynamic  programming  procedures,  Lagrange  multipliers,  or  other  methods 
of  allocation.  Chapter  32  presents  some  of  the  more  worthwhile  and  useful  methods  or  modelr  tor  best 
allocations,  and  also  presents  a  number  of  illustrative  examples,  so  that  the  weapon  systems  analyst 
may  find  his  evaluation  requirements  available  in  a  single  location.  Weatjf.  m-target  allocation  factors 
determined  in  accordance  with  the  principles  of  Chapter  32  are1  also  net  led  for  the  generalized. 
Lanchester  models  or  laws  covered  in  Chapter  29  —  for  example  as  indicated  in  Eqs.  29-42  and  29-43, 
or  Eq.  29-53. 

Weapons  or  weapon  systems  should  not  be  evaluated  without  paying  critical  attention  to  the  perfor¬ 
mance  of  military  personnel  >vho  operate  the  weapons,  i.e.,  the  effect  of  human  factors  or  human 


DARCOM  P  706  102 


engineering  aspens  of  the  problems  of  combat.  Therefore.  Chapter  j  i  is  devoted  to  an  introduction  to 
human  factors  and  their  interface  problems  with  *he  analvsis  of  weapons  or  weapon  system  perfor¬ 
mance.  It  is  seen  that  the  analyst  otter,  will  have  to  anaKzeand  quantify,  usually  on  a  statistical  basis, 
the  reliability  and  performance  characteristics  of  the  military  personnel  who  employ  the  weapons. 
Therefore,  we  discuss  some  of  the  typical  human  engineering  type  problems  the  weapon  swems 
analyst  might  face  in  his  evaluations  and  give  some  examples  of  just  how  human  factors  problems  can 
be  handled  Chapter  33  aims  at  giving  the  young  weapon  systems  analyst  a  good  start  at  and  a  proper 
appreciation  for  human  factors  and  weapon  analysis  interface  activities. 

Historically,  analysis  methods  were  initially  developed  primarily  to  evaluate  cr  estimate  the  field 
performance  (effectiveness)  of  weapons,  and  costs  were  not  then  of  any  major  considera'ion  As  time 
went  on.  however,  it  wa  found  that  methods  to  estimate,  analyze,  and  model  weapon  system  costs 
became  mandators  indeed  since  available  resources  are  very  definitely  of  a  finite  character.  Therefore. 
Chapters  34.  33.  and  36  are  devoted  to  the  introduction  of  cost  analvsis  problems.  In  order  to  provide 
the  young  or  practicing  analyst  with  proper  background  knowledge,  a  rather  broad  introduction  to  the 
problem  of  cost  analyses  for  Army  Weapon  Systems  is  taken  up  in  Chatter  3J  to  provide  some  general 
guidelines  Indeed.  the  practicing  weapon  systems  analyst  must  strive  now  to  include  costs  as  a  major 
rarameter  w  hich  must  be  properly  evaluated  in  his  weapon  systems  analysis  studies.  The  study  of  ail 
possible  costs  of  weapon  systems  becomes  necessary,  of  course,  in  the  cost-effectiveness  studies  of 
Chapter  37  and  also  for  the  cost  andopcrational  effectiveness  analyses  (COEA’s)  covered  in  Chapters 
43  and  46. 

Ckaptrr  35  takes  up  the  important  and  now  central  problem  of  life  cycle  cost  estimation  (LCCE)  of 
weapon  systems.  Life  cycle  cost  estimation  must  include  costs  for  the  research  and  development  phase; 
the  investment  or  procurement  phase;  and  the  entire  operating  and  support  phase  for  weapon  systems, 
including  its  manned  personnel  structure.  Both  the  “bottoms-up”  or  engineering  type  approach  and 
the  “top-down"  or  analytical  and  statistical  approach  to  the  problems  of  weapon  systems  cost  estima¬ 
tion  are  covered.  Techniques  of  using  cost  estimation  relations  (CER)  are  discussed,  especially  in 
terms  of  the  regression  approach  which  relates  costs  to  the  primary  parameters  of  interest.  Of  course, 
the  estimation  of  the  useful  life  of  a  weapon  system  is  important  and  includable  in  the  cost  analysis 
process.  Chapter  35  covers  an  extensive  example  relating  to  life  cycle  cost  estimation  for  the  Utility 
Tactical  Transport  Aircraft  System  (UTTAS). 

The  weapon  systems  analyst  must  be  acquainted  with  some  rather  special  cost  estimation 
techniques,  and  some  useful  ones  are  covered  in  Chapter  36.  For  example,  the  concept  of  the  so  called 
“learning  curve”  is  important,  and  its  derivation  is  covered  in  appropriate  detail  for  the  analyst.  Also, 
the  Program  Evaluation  and  Review  Technique  (PERT)  may  ofteh  be  encountered  by  the  weapon 
systems  analyst,  so  it  too  is  introduced.  Moreover,  as  should  be  expected,  there  are  numerous  design 
changes  during  development;  accordingly,  the  cost  analyst  may  well  have  to  model  the  cost  aspects  of 
some  of  these  types  of  occurrences.  Finally,  there  is  much  interest  in  reliability  growth  of  weapon 
systems  since  design  changes  and/or  quality  control  production  methods  have  to  be  considered  in  con¬ 
nection  with  improvement  of  system  reliability.  The  problem  of  estimating  costs  in  this  connection  is 
only  lieginning  to  be  studied. 

With  appropriate  background  material  involving  models  or  methods  for  the  analysis  of  weapon  per¬ 
formance  ard  techniques  for  estimating  costs  of  weapon  systems,  the  analyst  is  now  ready  to  conduct 
some  cost-effectiveness  type  studies,  Cost-effectiveness  type  studies  are  introduced  in  Chapter  37,  giving 
the  analyst  some  general  and  specific  guidelines.  In  a  cost-effectiveness  study,  the  systems  analyst  may 
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have  the  opportunity  either  to  fix  the  cost  for  competing  weapons  or  svstems  and  then  estimate  the  per¬ 
formance  of  them,  or  he  may  first  calculate  the  effectiveness  of  two  or  more  different  weapon  systems 
and  then  develop  their  overall  costs,  perhaps  on  a  life  cvcie  basis,  to  determine  which  svstem  would  be 
best  on  a  "cost-effectiseness”  basis.  Both  procedures  are  covered  in  Chapter  3~.  and  illustrative  exam¬ 
ples  are  given  for  the  two  different  methods  of  analvsis 

The  concept  of  target  vulnerability  and  some  of  its  analytical  treatment  were  introduced  and  dis¬ 
cussed  in  Chapter  15.  The  less  vulnerable  a  target  is  to  attack,  the  higher  its  chance  of  "survival".  In 
recent  years,  more  and  more  emphasis  has  been  placed  on  assuring  the  survivability  of  personnel  and 
systems  in  the  field.  If  one  were  to  take  the  term  "survivability’’  literally,  it  would  involve  verv  general 
and  broad  studies  of  all  aspects  of  the  problem  of  surv  ivability  of  personnel  and  equipment  in  combat. 
In  fact,  would  it  not  be  natural  to  study  all  systems  from  the  standpoint  of  their  chance  of  surviving  in 
the  field  under  combat  and  other  conditions  of  usage?  It  might  be  arguea,  for  example,  that  sur¬ 
vivability  is  about  as  broad  and  encompassing  as  the  field  of  weapon  systems  analysis  itself! 
Nevertheless,  as  it  is  turning  out,  the  newer  area  of  survivability  is  one  that  is  currently  being  defined 
w  ith  reference  to  what  now  exists,  and  it  would  seem  that  survivability  should  probably  be  includable 
w  ithin  the  scope  of  weapon  systems  analysis  and  related  activities.  In  Chapter  38.  the  term  survivability 
is  defined  in  line  with  some  of  its  current  trends,  and  the  analyst  is  introduced  to  some  of  its  more 
promising  features.  For  example,  systems  should  be  designed  and  used  so  that  they  are  not  easily- 
detected,  and  if  and  when  they  are  in  fact  detected,  it  is  best  for  the  system  to  be  small  and  compact  so 
that  it  is  not  easily  hit.  Otherwise,  taking  cover  may  be  necessary.  Once  a  system  is  "hittable”,  then 
consideration  should  be  given  to  its  being  as  invulnerable  as  possible.  Finally,  some  design  considera¬ 
tions  should  be  given  to  ease  of  repair  of  systems  on  the  battlefield  so  that  they  may  be  returned  to  ac¬ 
tion  as  soon  as  possible.  Chapter  38.  by  using  these  guidelines,  develops  several  areas  of  interest  to  the 
analyst  so  that  he  will  pe  cognizant  of  them  in  hi?  evaluation  problems.  Much  of  the  current  interest  in 
survivability  appears  to  involve  development  or  engineering  details.  It  is  seen  in  this  connection  that 
the  field  has  a  long  way  to  go  in  terms  of  the  overall  analysis  aspects  of  survivability. 

More  and  more  frequently,  the  weapon  systems  analyst  finds  himself  in  the  midst  of  evaluation 
problems  involving  countermeasures.  In  fact,  it  can  be  said  that  combat  itself  is  a  series  of  measures 
and  countermeasures,  then  counter-countermeasures,  etc.  As  soon  as  either  side  places  a  new  or  more 
potent  weapon  on  the  battlefield,  the  other  side  has  to  learn  to  counter  it  in  some  way  or  reduce  its  ef¬ 
fectiveness.  Thus,  it  is  natural  and  necessary  that  the  weapon  systems  analyst  sometimes,  will  become 
involved  in  the  analysis  of  countermeasures  in  the  noimal  course  of  his  duties.  The  purpose  of  Chapter 
39  is  to  acquaint  the  weapon  systems  analyst  with  some  countermeasures  in  warfare  and  their 
analytical  treatment.  In  fact.  Chapter  39  provides  some  of  the  basic  definitions  and  concepts  and  some 
of  the  simpler  analytic  framework  for  evaluating  measures  and  countermeasures,  along  with  some 
specific  examples.  It  is  found  that  statistical  analysis  procedures  often  aid  in  the  Commander’s  deci¬ 
sion  processes,  at  least  in  some  typical  areas  of  interest  where  the  analyst  might  become  involved.  An 
interesting  feature  of  measures  and  countermeasures  is  that  the  concepts  lead  rather  naturally  to  the 
play  of  "games”  by  opposing  sides.  Thus  tactics  and  counter-tactics  often  come  into  consideration, 
thereby  developing  the  basis  for  scenarios  which  become  useful  in  the  play  of  war  games. 

With  Chapter  40  on  war  games  and  computerized  simulations  of  combat,  the  handbook  takes  i<  very 
decided  turn  in  presentation  and  content.  With  the  present  state  of  the  art  in  the  analysis  of  weapon 
systems,  ail  problems  cannot  be  handled  with  available  mathematical  or  operations  research  models 
since  present  theory  is  just  too  limited  in  scope.  Indeed,  there  are  many,  many  situations  for  which  it  is 
desirable  or  necessary  to  evaluate  weapons  when  analytical  models  will  not  suffice  at  all.  Therefore,  it 
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is  necessary  to  resort  to  use  of  war  games  or  simulations  in  order  to  determine  the  worth  of  weapons  in 
a  hypothesized  combat  environment.  We  introduce  and  cover  many  of  the  important  aspects  of  war 
games  and  combat  simulations  in  Chapter  40.  It  could  well  be  said  that  war  games  are  "as  old  as  ihr 
hills”,  for  historically  they  have  been  played  for  hundreds  of  years  —  the  Prussians  and  Germans  hav¬ 
ing  placed  much  effort  in  developing  and  exploiting  the  advantages  of  simulations.  Our  coverage  of 
war  games  in  Chapter  40  gives  some  historical  points  of  interest  before  World  War  I,  then  a  brief  ac¬ 
count  from  World  War  I  through  World  War  II  for  some  of  the  more  significant  developments,  and 
some  highlights  since  World  War  II.  Then,  we  discuss  some  of  the  modern  or  present  uses  of  war 
games  and  proceed  to  discussions  concerning  computer  simulations  of  combat  Many  of  the  more  per¬ 
tinent  details  of  playing  war  games  are  discussed  and  the  importance  of  time-sequenced  scenarios 
developed  —  including  target  detection;  terrain  effects;  the  firing  of  weapons;  assessment  of  casualties; 
command,  control,  and  communication  problems;  and  other  considerations.  With  reference  to  war 
games  and  computerized  simulations  of  combat,  a  large  number  of  current  combat  simulations  are 
summarized  in  Chapter  40  for  the  practicing  analyst.  These  simulations  include  for  example,  CAR- 
MONETTE  (which  is  rather  extensively  covered),  the  Army  Small  Requirements  Battle  Model,  the 
Individual  Unit  Action.  Bonder/IUA,  Legal  Mix  IV,  DYN'TACS  X,  Division  Battle  Model,  Division 
War  Game,  TARTARL’S  IV,  Tank  Exchange  Model.  ATLAS,  and  others.  Finally,  we  discuss  the 
problem  of  near  real  time  casualty  assessment.  All  of  this  coverage  is  given  in  order  to  lead  up  to  com¬ 
bat  simulations  and  studies  covering  the  analysis  of  infantry  weapons,  tank  warfare,  artillery,  air 
defense,  and  cost  and  operational  effectiveness  analyses  in  Chapters  41-46. 

The  remaining  chapters  of  the  handbook  are  devoted  to  combat  simulations  or  war  game  type 
studies,  and  especially  the  analysis  of  results  from  hypothesized  battles  involving  combined  arms,  for 
in  current  practice  much  dependence  is  placed  on  evaluations  of  this  kind.  Also,  we  approach  and  ac¬ 
tually  exhibit  several  different  methods  of  attacking  weapon  evaluation  problems  so  that  the  analyst 
may  acquire  an  overall  glimpse  of  the  various  possibilities. 

Chapter  41  discusses  in  detail  the  evaluation  of  several  different  mixes  of  small  arms  or  hand-held 
weapons  for  the  situation  where  a  Blue  infantry  company  is  involved  in  a  defense  against  an  attacking 
Red  infantry  company.  The  question  to  be  settled  concerns  just  w  hich  of  several  Blue  mixes  of  hand¬ 
held  weapons  would  be  the  most  effective  in  attaining  the  maximum  number  of  Red  kills.  Moreover, 
we  stress  the  advantage  of  using  statistical  designs  of  experiments  in  the  planning  and  analysis  of 
results  for  the  combat  simulations  played.  In  particular,  for  the  infantry  evaluation  studied,  we  make 
good  use  of  the  Latin  Square  statistical  design,  and  we  show  just  how  it  would  possess  muth 
superiority  concerning  the  final  analyses  of  the  combat  simulated  data,,  and  hence  likely  lead  to  better 
supported  conclusions  and  recommendations. 

Chapter  42  gives  an  example  of  a  possible  tank  warfare  situation  in  Western  Germany  for  the  age  of 
the  guided  missile.  Here,  we  hypothesize  a  Red  breakthrough  into  Western  Germany,  and  the  main 
mission  of  Blue  at  the  time  is  to  >;op  the  Red  tank  attack  which  might  sweep  across  that  country 
toward  the  Ruhr  industrial  Basin.  For  this  particular  combat  simulation,  we  suggest  the  use  of  CAR- 
MONETTE  and  extract  from  it  the  numbers  of  target  kills  by  weapons  on  both  sides.  Then  a  killer- 
victim  scoreboard  can  be  set  up  at  some  key  time  of  the  conflict,  and  the  results  analyzed  or  projected. 
An  advantage  of  this  approach  is  that  we  may  determine  the  relative  effectiveness  of  both  antitank 
guided  missiles  and  tank  armament  against  enemy  tanks  or  guided  missiles,  and  quantify  the  worths  of 
all  weapons  in  the  engagement  in  accordance  with  the  principles  of  Chapter  30  on  weapon  equivalence 
studies. 
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In  Chapter  4.1.  we  cover  a  method  of  evaluating  artillery  or  support  type  weapon  systems.  For  this 
evaluation,  interest  centers  around  determining  the  particular  mixture  of  weapons  in  an  artillery 
family  which  can  engage  the  most  targets  at  a  reasonable  cost.  The  artillery  or  support  weapons  con¬ 
sidered  in  the  analysis  include  the  lD>mm  Howitzer,  the  8-in.  Howitzer,  and  the  l~5-mm  Gun  —  the 
problem  being  to  find  the  best  numbers  or  percentages  of  each  caliber  to  employ.  The  study  is  carried 
out  through  the  aid  and  use  of  the  Legal  Mix  simulation.  The  Legal  Mix  simulation  technique  es¬ 
tablishes  a  target  complex  for  support  weapons  to  “attack”  and  determines  the  effectiveness  of  dif¬ 
ferent  mixes  of  artillery'  weapons  in  neutralizing  the  target  complex  established.  Based  on  parameters 
—  such  as  weapon  delivery  errors  or  CEP's,  lethality  of  projectiles,  availability  of  weapons,  cost  of 
complete  rounds,  the  number  of  rounds  required  to  attack  targets  successfully,  and  weapon  response 
capability  —  it  was  found  that  a  two-weapon  mix  consisting  of  the  155-mm  Howitzer  and  the  8-in. 
Howitzer  appears  best  and  entirely  sufficient. 

One  of  the  important  current  problems  in  air  defense  is  that  of  finding  a  suitable  replacement  for  the 
Vl-'LCAN  20  mm  Gatling  type  gun  Preliminary  studies  in  recent  years  indicated  that  air  defense  guns 
of  calibers  of  about  30-40  mm  should  be  evaluated  so  that  there  would  be  a  suitable  range  of  lethality 
values  and  delivery  errors  covered  to  settle  once  and  for  all  the  proper  choice  of  a  gun  type  weapon 
against  aerial  targets,  especially  for  the  shorter  engagement  ranges.  Various  candidate  air  defense 
Suns  falling  within  the  outline  of  this  scope  were  evaluated  using  the  Modem  Gun  Effectiveness  Model 
(MG EM)  or  simulation  to  study  the  competing  candidates.  The  MGEM  simulation  is  described  in 
some  detail  in  Chapter  44  and  is  considered  to  be  a  very  useful  means  for  evaluating  guns  against  aerial 
targets,  since  some  rather  extensive  efforts  have  been  expended  on  validating  the  MGEM  simulation. 
Various  comments  on  this  type  of  analysis  are  given  also  in  Chapter  44. 

Chapters  45  arid  46  approach  the  problem  of  cost  and  operational  effectiveness  analyses  (COEA’s). 
It  is  expected  that  COEA  type  evaluations  will  perhaps  be  the  primary  or  main  systems  analysis 
procedures  for  the  immediate  future.  Recently,  the  Deputy  Under  Secretary  of  the  Army  for  Opera¬ 
tions  Research  has  put  forward  some  guidelines  on  the  principles  for  conducting  cost  and  operational 
effectiveness  analysis  studies.  These  are  covered  in  Chapter  45  and  mav  be  used  as  a  reference  by 
systems  analysts  to  guide  COEA  type  studies. 

Finally,  CJiapur  46.  the  last  chapter  of  the  handbook,  presents  an  example  of  a  cost  and  operational 
effectiveness  analysis  for  an  armored  infantry  fighting  vehicle  called  the  “WICV-WOW".  Hopefully, 
the  evaluation  procedure  presented  in  Chapter  46  will  serve  to  give  the  reader  some  insight  into  and  a 
preliminary  account  of  the  problem  of  performing  cost  and  operational  effectiveness  type  analyses. 
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CHAPTER  26 

MEASURES  OF  EFFECTIVENESS 

Good  evaluations  of  veapon  systems  depend  very  critically  or.  proper  choices  of  Measures  of  Effectiveness  (  MOE'sj. 
An  MOE  generally  i>  a  quantitative  expression  of  the  degree  to  which  a  system  meets  its  objectives,  and  hence  an 
analytical  standard  of  comparison.  In  many  applications ,  there  may  be  more  competing  MOE’s  than  are  useful.  Ac¬ 
cordingly,  the  analyst  has  the  problem  of  making  some  judicious  selection;  otherwise  he  must  weight  the  pertinent 
MOE’s  in  a  proper  manner  for  final  evaluation  judgments  of  a  system.  Proper  choice  of  the  MOE  goes  hand-m-hand 
with  the  appropriate  choice  of  the  overall  evaluation  model. 

26-0  LIST  OF  SYMBOLS 

E(R)  -  average  or  expected  range  of  engagement,  m 
f  (R)  =  probability  density  function  for  iikely  engagement  ranges 
P„  -  average  or  expected  chance  of  kill  over  all  ranges 
p{k\h)  -  conditional  probability  that  a  hit  is  a  kill 
p„(R)  —  probability  of  hitting  as  a  function  of  range 
R  -  range  to  target,  m 
rT  -  radius  of  target,  m 
0  =  parameter  for  a  gamma  distribution 
0  =  (x/4) (mean  engagement  range)*,  m* 

<r*  =  total  delivery  standard  deviation  or  error,  mil 

(Other  symbols  are  defined  as  needed  on  Figs.  26-2  through  26-9) 

26-1  DEFINITION 

Ref.  I  of  the  former  L’S  Army  Combat  Developments  Command  defines  the  term  “measure  of  effec¬ 
tiveness”  as,  “A  criterion  expressing  the  extent  to  which  a  combat  system  performs  a  task  assigned  to 
that  system  under  a  specified  set  of  conditions.  Thus,  an  individual  MOE  supplies  a  partial  answer  to 
the  question  .  How  well  does  System  X  perform  assigned  Task  Y  under  a  set  of  conditions  Z?”  Hence, 
we  might  keep  in  mind  that  for  the  purposes  of  this  Handbook  the  performance  of  a  weapon  or  weapon 
system  must  be  measured  against  appropriate  criteria  which  will  indicate  its  combat  potential,  put 
simply,  the  MOE  should  be  a  "robust”  quantitative  expression  of  the  degree  to  which  the  system  un¬ 
der  evaluation  meets  its  objectives. 

26-2  INTRODUCTION  AND  GENERAL  GUIDELINES 

It  is  not  always  easy  to  formulate  a  good  MOE.  In  fact,  it  is  often  a  subjective  or  “value” 
judgment— one  that  may  vary  considerably  from  one  application  to  another — hence,  the  systems 
analyst  must  give  much  thought  to  the  selection  of  an  MOE  (or  MOE’s)  that  describe  the  potential  of 
a  weapon  or  weapon  system.  As  Leibowitz  (Ref.  2)  has  so  aptly  pointed  out,  “It  does  little  good  to  op¬ 
timize  an  auto  assembly  line  to  provide  the  maximum  number  of  coffee  breaks  per  hour.”  Leibowitz 
(Ref.  2),  in  a  letter  to  the  Editor  of  Operations  Research,  presses  his  point  by  saying,  “A  measure  of  effec¬ 
tiveness  resembles  a  moral  principle  in  that  its  validity  cannot  be  established  by  reason  alone.  We 
must  make  a  value  judgement.  We  must  play  it  ‘by  feel’.”  Further,  he  argues  that  the  process  of 
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selecting  the  proper  MOE  volves  the  making  of  four  compromises,  and  hence  might  be  called  the 
“method  of  dynamic  comp  >mise”.  Then  Leibowitz  cites  the  case  of  “George"  lazily  fishing  on  a 
warm  Sunday  afternoon  whi  sooner  or  later  has  to  come  to  grips  with  the  problem  of  just  why  is  he 
there  fishing,  and  hence  just  what  is  his  MOE?  George,  apparently  being  smart,  suddenly  realizes  that 
every  system  has,  or  is  contained  in,  a  “supersvstem”,  and  that  the  supersystem  pertains  to  George's 
overall  recreational  program,  and  further  through  more  supersystems  to  the  universe!  He  then  decides 
that  a  good  approximate  purpose  for  his  fishing  is  to  give  him  a  pleasurable  Sunday  afternoon,  and  this 
is  his  first  dynamic  compromise — to  get  things  down  to  earth.  Now,  therefore,  George  is  going  to  max¬ 
imize  his  amount  of  pleasure  per  Sunday  afternoon,  but  he  still  needs  a  quantitative  and  practical 
MOE.  After  some  soul  searching,  and  even  realizing  that  he  really  enjoys  peace  and  quiet  without 
catching  any  fish  at  all,  he  comes  to  the  point  that  his  brother-in-law  will  make  disparaging  remarks  if 
he  comes  home  empty-handed.  Therefore,  a  practical  and  suitable  MOE  is  to  carch  exactly  four  fish, 
and  with  minimum  exertion.  Thus,  it  is  clear  that  George  has  just  made  his  second  dynamic  com¬ 
promise.  But  conflict  begins  to  rage  in  the  mind  of  George,  the  operations  research  analyst.  Why  four 
fish  each  Sunday,  and  won’t  his  brother-in-law  catch  on,  and  why  not  a  random  number?  Shouldn’t 
the  random  number  be  between  four  and  seven,  especially  since  George’s  wife  absolutely  refuses  to 
clean  more  than  seven  fish?  And  with  a  random  catch  between  four  and  seven,  George  has  reached  his 
third  dynamic  compromise,  but  even  this  practical  measure  may  fail  to  satisfy  George,  the  operations 
analyst,  for  he  must  also  satisfy  the  decision  maker,  who  happens  to  be  George,  and  the  MOE  should 
be  mutually  agreeable.  By  then,  George  reached  the  important  step  of  compromising  his  choice  in  or¬ 
der  to  put  forth  an  MOE  which  has  the  highly  valuable  asset  of  pleasing  the  decision  maker,  or  at  least 
taking  his  viewpoint  into  proper  consideration,  and  he  is  now  ready  to  start  the  analytical  phase  of  his 
study.  But,  clearly,  this  brings  on  the  need  for  much  effort:  “George  will  need  a  distribution  function 
for  fish  weight  versus  worm  diameter  for  various  values  of  hook  size,  maybe  obtainable  by  repeated 
samplings,  and  he  will  need  data  on  this  and  that,  resulting  perhaps  in  some  20  man-years  of  effort!  ” 
Having  such  an  estimate  of  his  work  program,  George — the  fisherman,  the  OR  analyst,  and  the  deci¬ 
sion  maker — terminates  the  whole  process,  arriving  at  the  null  state,  a  perfect  picture  of  “relaxed  gray 
matter”.  (Parenthetically,  perhaps  George  may  even  have  thought  of  the  need  for  a  “cost- 
effectiveness”  study).  What  happened  for  George  to  make  this  fourth  dynamic  compromise  and  reduce 
the  scope  of  the  study?  Well,  he  reasoned  that  for  a  desirable,  but  limited  study,  he  may  as  well  throw 
out  any  consideration  of  his  brother  in-law’s  wisecracking  tendency  and  even  his  wife’s  fish-cleaning 
capacity  so  that  any  number  of  fish  caught  would  be  acceptable,  and  furthermore,  “It  so  happens  that 
the  number  that  can  be  caught  with  minimum  effort  is  exactly  zero,  and  that  the  most  pleasurable 
technique  for  doing  this  is  simply  to  put  aside  the  rod  and  tackle,  and  doze  off.  This  is  just  what 
George  did.” 

Leibowitz  continues  and  concludes  his  metaphysical  considerations  for  an  MOE  with: 

“In  the  dynamic  compromise  process,  (1)  we  make  use  of  our  limited  understanding  of  the  super- 
system  to  obtain  an  approxin«ate  measure  of  the  system’s  effectiveness,  (2)  then  adjust  this  measure  so 
that  it  becomes  possible  to  relate  it  to  the  system’s  elements,  (3)  we  readjust  the  measure  until  it  is 
satisfactory  to  the  decision-maker,  and  (4)  we  re-readjust  it  until  the  projected  study  does  not  exceed 
the  time-and-effort  deadlines. 

“We  are  not  quite  finished.  We  must  examine  the  resulting  fourth-order  approximation  to  see  if  it  is 
close  enough  to  the  ‘true’  measure  of  effectiveness  to  make  the  study  worthwhile.  This  can  only  be 
done  ‘by  feel’.  If  we  decide  that  the  approximate  measure  is  too  far  off,  then,  depending  on  the  situa¬ 
tion,  we  have  five  courses  of  action:  (1)  learn  more  about  the  supersystem,  (2)  learn  more  about  the 
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system  itself,  (3)  talk  the  decision-maker  into  revising  his  interpretation,  (4)  suggest  an  extension  of 
the  scope  of  the  study,  or  (5)  call  the  whole  study  off.  However,  in  most  cases,  this  last  drastic  step 
should  not  be  necessary. 

“The  point  is  that  regardless  of  how  you  finally  select  a  measure  of  effectiveness,  this  measure  must 
be  reasonably  close  to  representing  the  true  purpose  of  the  system.  If  it  is  not,  then  all  the  linear  pro¬ 
gramming  and  ail  the  game  theory  in  the  world  will  not  save  us  from  optimizing  auto  assembly  lines  so 
as  to  provide  the  maximum  number  of  coffee  breaks  per  hour.  And,  then  we  would  soon  find  that  no 
one  was  willing  to  sponsor  (such)  an  operations-research  study,  with  the  possible  exception  of  labor 
unions  and  coffee  vendors.” 

Perhaps  even  though  Leibowitz  had  to  choose  a  “fishy”  example,  one  might  nevertheless  get  a 
clearer  view  of  the  role  between  the  decision  maker  (Chapter  7)  and  the  systems  analyst  (Chapter  6), 
and  their  negotiations  to  arrive  at  a  good,  useful  or  practical  MOE,  which  will  have  an  important  bear¬ 
ing  on  the  choice  of  the  weapon. 

The  process  of  determining  proper  MOE’s  may  not  be  very  different  actually  from  that  of  designing, 
or  arriving  at,  the  threat  our  weapons  must  defeat.  For,  example,  Tombach  (Ref.  3)  attempts  to  “for¬ 
malize”  an  approach  to  threat  model  design  “that  provides  the  model  builder  with  criteria  for 
selecting,  from  the  universal  set  of  all  possible  threat  models,  a  limited  subset  of  (threat)  models  that 
are  realistic,  usable,  and  useful.  ”  Tombach  suggests  doing  this  by  comparing  the  likelihood  of  occur¬ 
rence  of  various  possibilities,  and  the  general  methodology  is  that  of  successive  approximation.  In  fact, 
he  suggests  starting  with  the  most  general  or  universal  set  of  all  possible  threats  (U),  then  by  successive 
eliminations  he  reduces  the  universal  threat  to  a  “phantasy”  threat  (P),  then  on  to  a  “state-of-the-art” 
threat  (S)  for  the  enemy,  on  further  to  the  “economic  capacity”  threat  (E)  for  the  enemy,  and  through 
our  own  intelligence  capability  the  realm  of  the  threat  becomes  the  intelligence  threat  (I).  Further  re¬ 
finements  through  a  “matrix  reduction”  method  rules  out  impossible  threats,  useless  threats,  unusable 
threats,  and  on  to  a  conservative  or  practically  valid  threat  for  evaluating  and  designing  weapons. 
Thus,  the  role  and  usefulness  of  a  scientific  type  of  approach  to  threat  design  are  shown. 

in  case  some  readers  may  be  a  bit  confused  because  of  our  sudden  mixture  of  the  terms — “models”, 
“threats”,  and  “measure  of  effectiveness” — perhaps  a  few  words  are  in  order.  A  model  is  a  miniature  or 
facsimile  representation  of  a  thing  or  process,  and  for  our  purposes  here  it  is  usually  an  analytical  or 
computerized  expression  or  description  of  the  process  or  system  (see  Ref  4,  for  example).  Thus,  the 
weapon  systems  analyst  will  model  the  major  characteristics  and  expected  performance  (effectiveness) 
of  a  weapon  under  combat  conditions.  The  threat  consists  of  a  group  or  complex  of  enemy  targets, 
weapons,  supply  lines,  etc.,  which  our  friendly  weapons  are  required  to  defeat  or  neutralize,  once  in 
battle.  The  performance  of  weapons  and  the  threat  can  both  be  “modeled”,  while  on  the  other  hand 
the  measure  of  effectiveness  should  be  a  quantitative  expression  of  the  degree  to  which  out  weapon  systems 
accomplish  the  mission  of  defeating  the  target  threats. 

Brooks  (Ref.  5)  also  discusses  the  problem  of  MOE’s,  or  choices  of  payoffs  for  military  operations, 
and  the  everlasting  competition  between  adversaries  in  fielding  improved  weapons  through  a  sequen¬ 
tial  and  conditional  nature  of  the  measure,  countermeasure,  and  counter-countermeasure  process  for 
the  two  sides.  We  quote  from  his  paper: 

“Therefore,  whereas  measures  of  effectiveness  dominate  decisions  on  current  or  near-term  weapons 
systems,  measures  of  effort  to  reach  some  approximate  level  of  effectiveness  dominate  (though  of 
course  not  monopolize)  decisions  for  long-term  weapons  developments. 

“Specifically,  it  is  suggested  that  effectiveness  analysis  emphasize  two  features: 

“First,  a  hunt  for  measure,  counter-measure  dead-ends;  that  is,  we  can  design  a  hypothetical 
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measure,  counter-measure,  counter-counter-measure  sequence  to  see  whether  the  enemy  might 
develop  a  decisive  counter  at  some  stage  not  counterable  by  a  reasonable  extension  of  our  own  system's 
growth  potential. 

“Second,  determination  of  the  system’s  'off-design’  capabilities;  that  is,  its  versatility  in  the  face  of 
unexpected  enemy  technical  or  strategic  developments.  Incidentally,  it  is  in  these  effectiveness 
analyses  that  the  familiar  combat  model-building  and  war  gaming  of  operations  research  finds  its  ap¬ 
plication. 

“These  two  measures  of  effectiveness  can  perform  the  negative  function  of  screening  out  the  least 
suitable  weapons,  among  which  could  conceivably  be  the  so-called  ’optimum’  under  expected  or 
average  value  assumptions  about  projected  trends.  They  can  also  guide  the  future  development  of 
those  which  are  favored  by  pin-pointing  weaknesses  and  the  key  indicators  of  possible  future  enemy  at¬ 
tempts  at  exploiting  these  weaknesses.  We  have  recently  put  the  POLARIS  system  through  this  twin 
wringer.” 

Hayward  (Ref.  6)  discusses  the  measurement  of  combat  effectiveness.  He  suggests  that  the  proper 
quantitative  measure  of  combat  effectiveness  of  a  military  force  is  the  “probability  of  success”  in  com¬ 
bat,  and  he  says: 

“The  probability  of  success  depends  not  only  on  the  capabilities  of  the  specified  force  but  also  on  the 
nature  of  the  enemy,  the  combat  environment,  and  the  mission.  Since  it  is  impractical  to  measure  com¬ 
bat  effectiveness  experimentally,  i.e.,  in  actual  combat,  military  judgment  must  be  called  on  to  specify 
the  relation  between  the  probability  of  success  ar.d  the  parameters  of  force  capability,  environment, 
and  mission.” 

Hopefully,  these  quotations  give  the  analyst  some  appreciation  for  the  concept  of  MOE’s  and  some 
of  the  problems  the  analyst  will  face  in  arriving  at  suitable  MOE’s.  !n  fact,  it  certainly  seems  desirable 
to  try  to  arrive  at  a  s.ngle  MOE  for  each  application  of  Army  weapon  systems  analysis.  Unfortunately, 
however,  it  is  not  always  possible  to  establish  a  single  MOE  for  each  case,  and  moreover  the  task  of 
arriving  at  good  weights  for  calculating  overall  or  representative  MOE’s  may  represent. quite  a  prob¬ 
lem  also.  Hence,  the  analyst  may  expect  that  seme  judgments  will  have  to  be  made  by  purely 
qualitative  processes  of  determination,  which  nevertheless  will  be  of  value  to  the  decision  maker. 

The  analyst  is  often  ihe  one  to  decide  on  the  MOE  or  at  least  make  recommendations  to  the  decision 
maker.  Also,  his  selection  of  the  MOE,  as  we  have  seen,  may  be  just  as  important  or  sometimes  more 
important  than  the  development  or  choice  of  a  model.  Thus,  the  keen  analyst  will  not  only  give  the 
most  serious  consideration  to  the  choice  of  an  MOE,  but  will  keep  the  pertinence  of  the  MOE  in  mind 
during  and  even  at  the  end  of  his  evaluation. 

The  analyst  and  the  decision  maker  often  are  considered  to  have  individual  or  mutually  exclusive 
roles  but,  as  we  have  seen,  that  cannot  be  the  most  desirable  situation.  Since  the  roles  of  the  analyst 
ar.d  the  decision  maker  overlap,  at  least  partly,  on  most  evaluation  studies  there  exists  the  continuing 
problem  of  revising  aims,  goals,  MOE’s,  etc.  Thus  it  becomes  clear  that  communication  and  com¬ 
promises  must  be  sought  often  during  and  especially,  toward  the  end  of  a  study.  ^ 

Finally,  the  concept  of  MOE’s  cannot  ordinarily  be  separated  from  the  more  general  area  of  cost- 
effectiveness  studies  and  related  criteria.  The  analyst  would  do  well  to  keep  this  in  mind  because  the 
costs  incurred  and  the  benefits  derived  in  fielding  systems  cjmnot  be  measured  in  the  same  units, 
although  the  analyst  can  and  should  always  strive  to  come  up  with  a  single,  overall,  “robust”  measure 
of  effectiveness. 
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26-3  COMBAT  DEVELOPMENT  MOE’s 

“The  basic  mission  of  combat  developments  is  to  formulate  and  document  concepts,  doctrine, 
materiel  requirements,  and  organization  pertinent  to  the  Army  in  the  field.  Included  in  that  respon¬ 
sibility  is  the  design  of  land  combat  systems  for  at  least  20  years  into  the  future  to  facilitate  the  integra¬ 
tion  of  new  or  improved  doctrine,  materiel,  and  organizations.  The  combat  developments  process  in¬ 
cludes  studies,  simulations,  and  testing  and  experimentation  in  which  the  final  product  is  recom¬ 
mended  doctrinal,  organizational,  and  equipment  changes  for  the  immediate  future  and  for  long  range 
planning  programs.  The  recommendations  involve  estimates  based  upon  the  best  available  informa¬ 
tion  indicating  the  impact  of  such  recommendations.  Doctrinal  recommendations  are  applied  in  field 
manuals.  Organizational  recommendations  are  applied  in  Tables  of  Organization.  Materiel  recom¬ 
mendations  are  applied  in  Tables  of  Equipment  and  in  materiel  specifications.  As  such  the  credibility 
of  MOE  establishes  the  validity  of  such  things  as  basis  of  issue  of  equipment,  the  establishment  and 
maintaining  of  MOE,  and  the  credibility  of  requirements  for  organizational  and  doctrinal  changes.” 
(Ref.  1) 

USACDC  Pamphlet  No.  71-1  (Ref.  1)  likens  the  combat  developments  process  to  the  scientific 
process,  as  shown  in  Fig.  26-1,  and  thus  indicates  the  thoroughness  of  the  s»idy  procedure.  This 
pamphlet  also  emphasizes  that  military  judgment  is  just  as  important  as  scientific  judgments  in  the 
process  of  measuring  the  effectiveness  of  combat  systems,  and  that  “practical  criteria  as  well  as 
academic  and  mathematical  criteria  are  considered  as  the  basis  for  selection  of  MOE’s  to  compare 
systems”.  An  approach  to  the  development,  formulation,  and  use  of  MOE’s  in  the  combat  develop¬ 
ment  process  is  thoroughly  covered  in  Ref.  1 ,  and  a  compendium  of  Ref.  1  contains  some  207  typical 
combat  development  MOE’s.  They  are  divided  into  two  categories:  (1)  Combat  Development  Func¬ 
tions,  and  (2)  Land  Combat  Functions.  The  combat  development  function  MOE’s  include  examples 
divided  into  the  subject  matters  of  doctrine,  organization,  materiel,  training,  and  logistics.  The  land 
combat  function  MOE’s  include  examples  concerning  command-control-communications,  firepower, 
mobility,  intelligence,  and  combat  service  support.  We  have  extracted  and  include  herewith  for  the  in¬ 
formation  of  the  analyst  some  typical  MOE’s,  for  some  of  the  cited  categories  in  Figs.  26-2  through  26- 
9.  Appendix  D  of  Ref.  1  gives  a  thorough  and  informative  coverage  of  the  principles,  of  measurement  of 
effectiveness  for  the  combat  development  processes. 

Going  perhaps  a  step  further,  Table  26-1  outlines  some  of  the  possible  thinking,  during  combat 
development  studies,  which  might  precede  the  final  establishment  of  MOE’s  for  some  broadly  defined 
Army  systems.  Here,  the  system  mission  is  considered  for  the  likely  environment  and  begins  to  take 
sharp  focus.  Abo,  analysis  objectives  are  considered,  and  some  details  of  the  probable  methods  of 
analysis  given.  The  measures  of  effectiveness  are  divided  into  “primary”  and  “secondary”  MOE’s. 
One  then  begins  to  see  that  several  or  many  MOE’s  will  probably  have  to  be  considered  and  quan¬ 
tified  in  some  suitable  way  by  the  analyst.  Moreover,  it  also  is  made  clear  at  this  stage  that  pr  ibiems  of 
some  difficulty  arise,  and  some  compromises  will  have  to  be  made  toward  selecting  the  best  single 
MOE  (if  possible),  weighting  several  of  them  appropriately,  or  combining  them  properly. 

26-4  HANDBOOK  EXAMPLES  OF  MOE’s 

Obviously,  we  have  already  discussed  and  established  many  measures  of  effectiveness  in  preceding 
chapters.  In  Chapter  10,  for  example,  and  the  example  therein,  the  expected  number  of  armor  piercing 
rounds  to  rout  the  enemy  tank  attack  may  be  considered  as  an  MOE. 

The  time  to  detect  a  target,  or  the  number  of  “glimpses”  expected  in  a  typical  target  detection,  also 
represents  MOE’s  for  target  identification  and  detection  problems  (Chapter  11). 
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PHASE 


1. 


2. 


3. 


4. 


5. 


THE  COMBAT  PHASE  ORDER 

DEVELOPMENTS  IN  THE  PROCESS 

PROCESS 


Study  Directive,  Study  Plan 


War  Gairing,  Modeling 


Cost-Effectiveness  Analysis 


Test  and  Experimentation 


Materiel  Needs  and  Personnel 
Needs  Documentation 


THE 

SCIENTIFIC 

PROCESS 


Formulating  the 
Problem 


Constructing  a 
model  to  represent 
the  system  under 
study 


Deriving  a 
solution  from 
the  model 


Testing  the 
model  and  the 
solution 


Putting  the 
solution  to  work: 
Implementation 


Figure  26-1.  Analogy  of  the  Combat  Development  Process 
With  the  Scientific  Process,  (Kef.  1) 
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FORCE  EFFECTIVENESS  INDICATOR 

1.  DEFINITION  OF  THE  MEASURE.  Force  effectiveness  indicator  (FEI)  is  the  ratio  of  the  total 
value  of  the  blue  force  ( TVB )  and  total  value  of  the  red  force  ( TVR ): 


FEI 


TVB 

TVR 


The  total  force  value  for  blue  (TVB)  is  computed  as  the  sum  (£)  of  the  number  rij  of  each  type  red 
weapon  destroyed  multiplied  by  the  value  v,  of  that  type  weapon  for  all  red  weapons  t ,  and  the  total 
red  force  value  is  computed  similarly  for  ail  blue  weapons  k: 


TVB  =  irtjvj  TVR  = 

The  unique  characteristic  of  this  measure  is  that  weapon  values  are  computed  as  the  fractional  value  of 
the  enemy  force  destroyed  by  a  given  weapon.  That  is,  the  value  v,  of  a  type  blue  weapon  (i)  is  the  ratio 
of  all  l  of  the  numbers  nt)  of  red  kills  by  that  type  weapon  multiplied  by  the  values  Vj  of  the  destroyed 
red  weapons  to  the  total  red  value  (TVR),  and  the  value  of  blue  weapons  is  computed  similarly: 


-  ^  WJ  _  E  nnvt 

Vl  TVR'  v*  TVB 

The  FEI  does  not  have  a  closed  form  solution;  it  is  usually  calculated  by  assuming  an  initial  finite 
value  for  all  weapons  and  solving  the  equation  in  a  series  of  iterations  until  final  values  converge 
reflecting  losses  inflicted. 

2.  DIMENSION  OF  THE  MEASURE.  Ratio — weighted  by  losses  inflicted. 

3.  LIMITS  ON  THE  RANGE  OF  THE  MEASURE.  The  output  value  may  be  zero  or  any  positive 
value.  Since  losses  are  a  function  of  several  factors  in  the  scenario,  the  output  value  of  the  FEI  cannot 
be  disassociated  from  the  circumstances  under  which  it  was  derived.  The  measure  has  a  weakness  in 
that  a  force  that  completely  destroys  the  other  without  taking  any  losses  is  zero  effective  because  the 
weapons  destroyed  had  not  obtained  any  value  by  inflicting  losses. 

4.  RATIONALE  FOR  THE  MEASURE.  This  is  a  complex  form  ol'loss  exchange  ratio  with  the  advan¬ 
tage  that  weighted  values  are  based  on  actual  performance. 

5.  DECISIONAL  RELEVANCE  OF  THE  MEASURE.  This  measure  is  suitable  for  measuring  overall 
effectiveness  of  a  mixed  weapons  force.  In  the  referenced  studies  it  was  used  to  evaluate  candidate 
armor-infantry  mixes  in  terms  of  combined  force  firepower  and  survivability. 

6.  ASSOCIATED  MEASURES.  Proportion  forced  destroyed.  Loss  exchange  ratio. 


Figure  26*2.  Aa  MOE  for  Doctrine  (Ref.  1) 
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CROSS-COUNTRY  RATE  COMPATIBILITY 

1.  DEFINITION  OF  THE  MEASURE.  Cross-country  rate  compatibility  is  the  difference  between 
mean  cross-country  rate  of  all  vehicle  types  in  the  organization  and  the  cross-country  rate  of  the 
slowest  vehicle.  Input  data  are  the  cross-country  rates  of  each  type  of  ground  vehicle  in  the  organiza¬ 
tion.  The  relation  between  output  and  input  is: 

i  Rt 

cross-country  rate  compatibility  =  — - Rt 

n 

where: 

Ri  -  cross-country  rate  of  first  vehicle  type 
Rt  =  cross-country  rate  of  second  vehicle  type 
Rh  -  cross-country  rate  of  last  vehicle  type 
R,  =  cross-country  rate  of  slowest  vehicle  type. 

2.  DIMENSION  OF  THE  MEASURE.  Difference  in  two  rates  —  Output  value  is  a  rate  in  terms  of 
kilometers  per  hour  or  other  suitable  expression  of  rate. 

3.  LIMITS  ON  THE  RANGE  OF  THE  MEASURE.  There  is  no  limit  on  the  output  value;  it  may  be 
zero  or  any  positive  number.  Input  values  are  not  limited,  but  must  be  expressed  in  terms  of  the  same 
definition  of  rate.  The  measure  is  most  meaningful  when  measures  are  most  refined,  i.c.,  kilometers 
per  hour  is  more  meaningful  than  kilometers  per  day,  because  rounding  off  of  cruder  measures 
sacrifices  some  of  the  measure. 

4.  RATIONALE  FOR  THE  MEASURE.  This  is  a  measure  of  one  aspect  of  efficiency  of  organization. 
An  organization’s  vehicle  mix  should  be  compatible  in  the  sense  that  no  one  type  vehicle  should 
detract  seriously  from  the  overall  movement  rate  of  an  organization.  While  movement  rate  itself  is  a 
measure  of  mobility,  compatibility  of  movement  rates  is  an  indicator  of  soundness  of  organization  be¬ 
tween  fastest  and  slowest  vehicles,  variation  of  rates,  or  some  comparison  of  the  slowest  rate  to  others. 
The  difference  between  the  mean  rate  and  the  slowest  rate  is  selected  as  the  most  meaningful  in  the 
military  sense  of  identifying  critical  restraints. 

5.  DECISIONAL  RELEVANCE  OF  THE  MEASURE.  The  measure  is  useful  for  comparing  competing 
hypotheses  of  organization  when  mobility  is  one  of  the  aspects  of  comparison. 

6.  ASSOCIATION  MEASURES: 

Movement  rate  ,  Turn-around  time 

Payload  capacity  On-road  movement  rates  compatibility. 

Figure  26-3.  An  MOE  for  Organization  (Ref.  1) 

Similarly,  and  continuing,  the  following  are  examples  of  some  of  the  measures  of  effectiveness  in 
preceding  chapters: 

1 .  Chapter  1 3 — For  weapon  delivery  characteristics,  the  circular  probable  error  (CEP)  is  a  measure 
of  effectiveness,  and  the  CEP  might  involve  both  aiming  errors  and  ballisdc-round-to-rbund  variations. 

2.  Chapter  14 — Single-shot  hit  probabilities  are  very  definitely  measures  of  effectiveness.  In  fact,  hit 
probabilities  combine  and  summarize  the  delivery  error  characteristics  of  weapons,  the  effects  of  target 
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MOBILITY  INDEX  (WHEELED  VEHICLES) 

1.  DEFINITION  OF  THE  MEASURE.  The  mobility  index  for  wheeled  vehicles  is  a  relative  index 
used  for  comparing  the  ability  of  wheeled  vehicles  to  traverse  real  estate  without  hinderance  from 
obstacles,  which  include  water  barriers,  steep  slopes,  soft  soils,  and  dense  vegetation.  Input  data  are: 


CPF 

Wb 

TF 

GF 

WLF 

CF 

EF 


gross  vehicle  wt  (lb) 


contact  pressure  factor  expressed  as:  ,  , 

tire  width,  (m.)  X  rim  dia.,  (in.)  X  no.  of  tires 

weight  factor  (expressed  in  pounds) 

1.25  X  tire  width,  in. 
tire  fact  or  expressed  as:  - Jqq - 

grouser  factor  (expressed  as  a  factor  for  vehicle  with  or  without  chains) 

gross  vehicle  weight 

wheel  load  factor  = 


clearance  factor  = 


no.  of  wheels  (single  or  dual) 

ground  clearance,  in. 

— 


engine  factor  (hp/ton  expressed  as  a  factor).  (Factors  0.6  and  20  are  used  to  scale 
down  the  mobility  indexes  of  wheeled  vehicles  for  purposes  of  comparison.) 


Relation  of  output  to  input  is: 

KCPFXWFXWLF  \  1 

- YPxGF -  ~  CF )  XEFXTF J  —  20. 

2.  DIMENSION  OF  THE  MEASURE.  Index  number. 

3.  LIMITS  ON  THE  RANGE  OF  THE  MEASURE.  The  output  may  assume  any  value  but  is  or¬ 
dinarily  a  large  positive  number  driven  by  vehicle  weight  in  pounds.  The  combination  of  factors;  makes 
it  difficult  to  use  the  index  for  any  other  purpose  than  comparison  of  vehicles. 

4.  RATIONALE  FOR  THE  MEASURE.  This  is  a  combination  of  most  vehicle  characteristics  signifi¬ 
cant  to  wheeled  vehicle  mobility. 

5.  DECISIONAL  RELEVANCE  OF  THE  MEASURE.  Used  to  compare  wheeled  vehicles. 

6.  ASSOCIATED  MEASURES.  Mobility  index  (tracked  vehicles). 


Figure  26-4.  An  MOE  for  Materiel  (Ref.  1) 


size  and  shape,  and  include  the  important  effects  of  range  from  weapon  to  target.  Indeed,  hit  proba¬ 
bilities  may  often  be  the  only  needed  basis  for  comparing  competing  weapons  in  certain  applications. 

3.  Chapter  1 5 — The  vulnerable  area  of  a  target  to  specific  attack  and  the  lethality  of  a  warhead  to 
enemy  targets  represent  MOE’s  that  characterize  and  summarize  terminal  effects.  In  some  cases,  final 
judgments  concerning  weapon  effectiveness  may  be  arrived  at  by  using  vulnerability  or  lethality  for 
competing  weapons  having  about  the  same  delivery  errors  or  distributions.  Moreover,  the  conditional 
probability  that  a  hit  is  a  kill  constitutes  somewhat  of  an  overall  terminal  effectiveness  MOE. 
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TIME  TO  ESTIMATE  RANGE 

1 .  DEFINITION  OF  THE  MEASURE.  Time  to  estimate  range  is  the  elapsed  time  from  detection  of  a 
target  to  estimation  of  range.  Input  data  are  the  moment  of  detection  and  the  moment  estimation  of 
range  is  complete.  Relation  of  output  to  input  is: 

time  to  estimate  range  =  time  of  estimation  —  time  of  detection. 

2.  DIMENSION  OF  THE  MEASURE.  Interval — elapsed  time  in  terms  of  seconds.  If  the  measure  is 
taken  at  different  times  or  under  varying  circumstances,  it  can  be  used  in  the  form  of  mean  time  to  es¬ 
timate  range  or  median  time. 

3.  LIMITS  ON  THE  RANGE  OF  THE  MEASURE.  The  output  can  be  zero  or  any  positive  value.  The 
resolution  of  the  measure  is  limited  by  the  precision  of  taking  start  time  and  end  time.  The  data  cannot 
be  disassociated  from  the  definition  of  computed  estimation  used,  whether  it  is  the  first  estimate  stated 
regardless  of  accuracy  or  is  the  final  in  a  series  of  estimates  which  is  used  for  firing. 

4.  RATIONALE  FOR  THE  MEASURE.  This  measure  addresses  a  component  of  target  acquisition 
time.  Problems  in  estimation  are  assumed  to  contribute  to  the  length  of  estimation  time. 

5.  DECISIONAL  RELEVANCE  OF  THE  MEASURE.  This  measure  can  be  used  to  compare  estima¬ 
tion  times  of  means  of  range  estimation  (techniques,  aids,  rangefinders,  trained  personnel)  to  each 
other  or  to  a  standard.  It  would  not  ordinarily  be  used  alone,  but  would  be  combined  with  accuracy  of 
estimation  or  accuracy  of  firing  in  most  cases. 

6.  ASSOCIATED  MEASURES: 

Accuracy  of  range  estimation 

Firing  accuracy 

Time  to  detect 

Exposure  time 

Time  to  identify 

Probability  of  hit 

Probability  of  kill. 

Figure  26-5.  An  MOE  for  Training  (Ref.  1) 

4.  Chapter  16 — Rates  of  fire  can  be  of  critical  importance  for  surface-to-air  weapons,  of  for  close 
combat,  for  example.  Thus,  rate  of  fire  represents  a  key  MOE  or  charac  eristic  parameter  describing 
the  weapon  under  consideration. 

5.  Chapter  17 — The  individual  or  “isolated”  MOE’s  of  hit  probability,  conditional  chance  that  a 
hit  is  a  kill,  and  rate  of  fire  can  be  multiplied  to  obtain  a  kill  rate  which  represents  a  more  inclusive 
MOE  for  the  weapon  or  a  weapon  system.  The  kill  rates,  along  with  various  strategies  of  firing,  deter¬ 
mine  chances  of  winning  a  duel.  The  chance  of  winning  a  duel,  therefore,  gives  even  a  still  more  in¬ 
clusive  MOE  since  combat  usage  of  the  weapon  is  also  taken  into  accoint  in  the  analysis  of  duels. 

6.  Chapter  18 — Weapon  response  time  is  another  example  of  an  MOE.  System  response  time — 
including  a  proper  conibination  of  detection,  acquisition,  command-control-communication  effec¬ 
tiveness,  and  weapon  response  time — describes  yet  a  higher  leyel  of  MOE. 
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REQUIRED  AMMUNITION  RESUPPLY  RATE 

1.  DB.FISIT10.\  OF  THE  MEASURE  Required  ammunition  resupplv  is  the  rate  of  ammunition 
need.  Input  is  rounds  required  per  day.  Unit  of  measure  of  input  is  rounds,  c.  alternatively  tons  or 
DOA.  (Day  of  Ammunition — a  specified  number  of  rounds  for  a  type  weapon.)  Relation  of  output  to 
input  is: 


required  ammo  resupply 


total  number  of  rounds  required  (ortons,  or  DOA) 
number  of  days  in  time  period  observed 


2.  DIM ESSIO\  OF  THE  MEASl  RE.  Ratio — a  rate  in  terms  of  rounds  per  day  or  tons  per  day  Unit 
of  measure  of  output  is  rounds  (or  tons).  In  its  most  esoteric  form  it  is  the  ratio  between  a  predeter¬ 
mined  “day  of  ammunition”  which  is  meant  to  be  the  amount  of  ammunition  required  per  day  and  the 
actual  ammo  per  day.  In  this  form  it  is  “DOA  per  day”. 

3  LIMITS  O.V  THE  R.USGE  OF  THE  MEASURE.  The  measure  must  include  at  least  one  day’s  ob¬ 
servation,  and  as  the  denominator  gns  larger  the  measure  gets  better.  The  output  may  assume  any 
positive  value.  The  measure  is  limited  to  a  single  type  of  round  in  the  form  "rounds  per  day”.  In  the 
form  of  weight  per  day.  it  is  more  encompassing.  For  comple*e  inclusion  of  different  types  of  ammuni¬ 
tion  it  is  usually  necessary  to  use  the  form  “DOA  per  day". 

4.  RATIONALE  FOR  THE  MEASURE.  This  measure  addresses  sustainability.  It  is  reasoned  that  a 
good  performance  in  other  respects  may  be  offset  somewhat  by  difficulty  in  sustainability.  If  sustaina¬ 
bility  were  difficult  enough,  it  would  affect  performance  and  could  be  measured  otherwise.  This  meas¬ 
ure  is  meant  to  be  sensitive  enough  to  address  sustainability  before  it  is  serious  enough  to  affect  per- 
fort.iance  of  the  mission 

5.  DECIS10,\AL  RELEVANCE  OF  THE  MEASURE.  This  measure  could  be  used  to  distinguish  be¬ 
tween  firepower  systems  that  are  equal  in  productivity.  Or  it  could  be  used  as  a  further  refinement  in  a 
more  complete  description  of  successful  systems. 

6.  ASSOCIATED  MEASURES 

Resupply  frequency 
Ammunition  expenditure. 

Figure  2W.  Aa  MOE  for  Logistics  (Ref.  1) 

7.  Chapter  19— Analysis  of  fust  performance  toward  optimising  the  effectiveness  of  the  terminal  en¬ 
gagement  and  the  inclusion  of  analyses  nf  reliability  and  safety  factors  will  involve  the  analyst  in  some 
rather  complex  problems  of  MOF.’s,  especially  since  fuze  action  affects  vulnerability  and  lethality. 

8.  Chapter  20— Although  single-shot  h.t  probabilities  may  be  sufficient  for  some  tinalyses,  the 
chance  of  at  least  one  hit  as  an  MOE  becomes  important  for  cases  where  multiple  rounds  must  be 
fired.  The  fraction  of  target  coverage— -or  the  expected  fraction  of  target  damaged — gives  higher  .evel 
more  overall  weapon  or  system  effectiveness  MOE's. 

9.  Chapter  21 — The  concept  nf  MOE's  and  their  usage  in  system  evaluations  transfer  easily  ..u ! 
properly  to  system  reliability,  a  confidence  bound  on  system  reliability,  the  availability  nr  readir  o< 
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COMMUNICATIONS  PERFORMANCE  INDEX 

1.  DEFI.SlTIOy  OF  THE  MEASURE  This  communication  index  is  a  weighted  sum  of  ?  com¬ 
munication  system's  performance  in  relation  to  its  requirements.  Input  data  are  the  relative  weights  of 
each  requirement  H’,)  and  the  performance  (P,...Pm)  observed  in  each  requirement 

(/?i Relation  of  output  to  input  is: 


index  =  W', 


Examples  of  system  requirements  are:  direct  communication  capacity,  organic  communication  equip¬ 
ment.  conference  call  capability,  specific  range,  security,  mobility,  message  hard  copy,  dependability, 
and  vulnerability,  each  of  which  is  measured  directly  or  rated  by  evaluators  on  a  common  scale. 

2.  DlME\S/OX  OF  THE  MEASURE  Index-A  weighted  sum. 

3  LIMITS  0.\  THE  RA.\CE  OF  THE  MEASl  RE.  The  values  assumed  by  the  output  depend  on  the 
performance/requirements  scale  and  weights.  The  maximum  value  is  n  times  the  maximum  scale, 
times  the  total  weight.  The  measure  is  limited  by  the  selection  of  requirements  and  weights. 

4.  RATIO  *.  ALE  FOR  THE  MEASURE.  The  measure  is  intended  to  combine  performance  in  all  re¬ 
quirements  to  preclude  over-valuing  some  requirements. 

5  DECISIO.SAL  RELEV ASCE  OF  THE  MEASURE.  The  measure  can  be  used  to  compare  alter¬ 
native  communication  systems.  • 

6.  ASSOCIATED  MEASURES 
Percent  messages  completed 
Communications  system  capacity. 

Figure  28*7.  Aa  MOE  for  Command -Control-Communications  (Ref.  1) 


a  weapon  to  start  a  mission,  and  the  ease  of  maintainability  of  a  system  in  combat.  As  may  be  clearly 
seen,  sometimes  an  MOE  involving  onlv  the  system  reliability  may  be  sufficient  for  an  inclusive 
analysis. 

10.  Chapter  22 — Weapons  in  the  field  must  possess  the  required  characteristics  of  mobility,  ma¬ 
neuverability,  and  agility — depending  on  actual  usage.  Therefore,  suitable  MOE V describing  the  level 
of  performance  of  mobility,  maneuverability,  and  agility  are  needed  for  evaluation  purposes. 

11.  Chapter  23— Additional  and  extensive  studies  seem  required  to  develop  MOE’s  for  logistic  and 
planning  purposes,  insofar  as  the  support  for  weapons  is  concerned.  Many  of  the  military  operations 
research  and  statistical  studies  will,  no  doubt,  aid  in  improvement  of  logistic  MOE’s. 

12.  Chapter  24 — The  WSEIAC  evaluation  model  gives  a  prime  example  of  combining  lower  level  or 
individual  measures  of  effectiveness  into  a  systematic  and  inclusive  analysis  which  can  result  in  a  single 
and  overall  summary  of  system  effectiveness.  The  final  MOE  for  a  WSEIAC  type  analysis,  when 
properly  obtained,  should  be  very  satisfying  to  both  the  analyst  and  the  manager  because  it  encom¬ 
passes  system  availability,  reliability,  and  terminal  performance  in  a  unified  manner. 
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MEAN  TIME  TO  NEGOTIATE  OBSTACLES 

1 .  DEFINITION  OF  THE  MEASURE.  Mean  time  to  negotiate  obstacles  is  the  arithmetic  average  of 
each  elapsed  time  consumed  in  overcoming  an  obstacle  to  advance.  Input  data  are  the  delay  time  for 
each  obstacle  and  the  number  of  obstacles.  Relation  of  output  to  input  is: 


mean  time  to  negotiate  obstacles 


n 

H  (each  elapsed  obstacle  delay  time) 
number  obstacles 


2.  DIMENSION  OF  THE  MEASURE.  Ratio— output  is  a  mean  time  in  hours  and  minutes. 

3.  LIMITS  0.\  THE  RA.\GE  OF  THE  MEASURE.  The  output  may  assume  any  positive  value.  As  it 
is  stated,  the  measure  makes  no  distinction  among  different  types  of  obstacles.  It  would  probably  be 
better  to  break  it  down  into  measures  for  river  crossings,  minefields,  barriers,  barbed  wire,  and  so 
forth. 

4.  RATIONALE  FOR  THE  MEASURE.  This  measure  addresses  mobility  performance  in  terms  of 
times  to  negotiate  obstacles  based  on  the  premise  that  shorter  negotiation  delay  times  mean  better 
mobility. 

5.  DECISIONAL  RELEVANCE  OF  THE  MEASURE.  Since  this  is  a  measure  of  performance  rather 
than  a  true  measure  of  effectiveness,  it  is  applied  to  comparing  mobility  systems  under  the  same  condi¬ 
tions.  It  could  be  converted  to  a  measure  of  effectiveness  by  taking  total  move  time  into  account  with 
obstacle  delay  time  as  “percent  delay”,  assuming  that  zero  delay  for  obstacles  is  ideal  performance. 

6.  ASSOCIATED  MEASURES : 

Percent  delay 
March  rate 

Percent  moves  completed  on  time. 


Figure  26-8.  An  MOE  for  Mobility  (Ref.  1) 


Need  there  be  any  more  arguments  about  the  role  of  MOE’s  in  Army  weapon  systems  analyses? 
Perhaps,  with  these  examples,  the  reader  is  convinced  of  the  somewhat  central  role  of  MOE’s. 

26-5  FURTHER  COMMENT  ON  THE  RELATION  BETWEEN  A  MODEL 
AND  AN  MOE 

It  is  important  for  the  reader  to  understand  that  models  and  MOE’s  go  hand-in-hand,  so  to  speak. 
In  fact,  the  MOE  clearly  depends  on  the  status  of  development  of  the  model  describing  the  perform¬ 
ance  of  a  system  or  process.  The  be:ter  the  overall  model  developed  for  the  expected  combat  effec¬ 
tiveness  of  a  weapon,  then  the  better  the  MOE  which  gives  a  numerical  value  of  performance  express¬ 
ing  the  relative  degree  to  which  the  system  accomplishes  its  mission.  The  MOE  thus  is  obtained  by 
substituting  appropriate  values  of  the  parameters  into  a  suitable  model,  and  we  can  easily  see  that  the 
best  MOE’s  are  most  often  obtained  through  the  modeling  process.  The  MOE  depends  on  the  system 
also. 
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MEAN  TIME  TO  ACQUISmON 

1.  DEFINITION  OF  THE  MEASURE.  Mean  time  to  acquisition  is  the  arithmetic  average  of  the 
elapsed  times  to  complete  all  successful  acquisitions.  Acquisition  is  defined  as  including  detection, 
recognition,  identification,  and  location  of  the  target.  Input  data  are  the  elapsed  times  for  each  com¬ 
pleted  acquisition.  Relation  of  output  to  input  is: 


mean  time  to  acquisition 


n 

5~  (elapsed  time  each  successful  acquisition) 
number  successful  acquisitions 


2.  DIMENSION  OF  THE  MEASURE.  Ratio — Output  in  terms  of  an  average  time  in  seconds, 
minutes,  hours,  or  days  as  appropriate.  Could  also  be  used  in  the  form  of  a  "median  time  to 
acquisition”. 


3.  LIMITS  ON  THE  RANGE  OF  THE  MEASURE.  The  number  of  successful  acquisitions  must  be 
enough  to  average  out  large  differences  from  chance  factors  in  the  conditions  concerned.  The  output 
value  cannot  be  disassociated  from  the  circumstances  under  which  it  was  derived.  The  output  .may 
assume  any  positive  value. 

4.  RA  TIONALE  FOR  THE  MEASURE.  This  measure  directly  addresses  the  timeliness  of  acquisition. 
It  applies  only  to  the  case  of  completed,  successful  acquisitions  and  not  to  the  expected  time  to  acquisi¬ 
tion  of  a  target.  Since  it  subsumes  other  time  measures  (such  as  time-to-detection)  it  is  a  grosser  meas¬ 
ure  suitable  to  the  evaluation  of  larger  systems. 


5.  DECISIONAL  RELEVANCE  OF  THE  MEASURE.  This  measure  may  be  used  in  any  situation  in 
which  timeliness  of  target  acquisition  is  a  factor. 

6.  ASSOCIATED  MEASURES: 

Time  to  detection 
Time  to  identification 
Expected  time  to  acquisition. 


Figure  26*9.  An  MOE  for  Intelligence  (Ref.  1) 


26-6  CAUTION  ON  AN  OFTEN  USED  MOE 

It  is  the  job  of  the  systems  analyst  to  establish  good  MOE’s  and  use  them  properly  in  each  evalua¬ 
tion  study.  It  is  his  daily  task“~it  should  be  clear  that  “universal"  MOE’s  do  not  exist,  and  that  very 
frequently  the  analyst  has  a  difficult  job  in  establishing  the  best  MOE.  Lest  one  might  take  the  job  of 
arriving  at  a  proper  MOE  as  “duck  soup”,  let  us  consider  an  MOE  which  has  been  widely  used; 
namely,  the  “cost  per  kill  "type  MOE.  On  the  surface,  it  seems  certain  that  “cost  per  kill”  often  would 
be  a  most  useful  MOE  and  also  should  apply  widely  when  we  are  evaluating  the  worth  of  competitive 
systems  or  components  of  a  system.  Indeed,  it  often  is  a  good  MOE,  and  in  the  case  where  systems  are 
employed  in  such  a  manner  or  in  an  environment  where  they  really  do  not  affect  each  other,  i.e.,  are 
“independent”,  then  “cost  per  kill"  may  be  quite  adequate.  On  the  other  hand,  if  interactions  among 
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forces  or  weapons  exist,  then  the  “cost  per  kill”  MOE  may  be  misleading,  and  hence  may  not  describe 
some  very  important  details  or  outcomes  of  battles.  Thus,  if  we  can  in  come  way  establish  the 
minimum  cost  per  kill  for  a  weapon  or  military  unit  in  judging  overall  effectiveness,  then  have  we  not 
reached  a  suitably  optimum  goal?  Walsh  (Ref.  7)  has  studied  the  use  of  minimum  cost  per  “kill”, 
determined  independently  of  overall  defense  systems  interactions,  in  a  very  detailed  and  unique  way 
for  area  defense  against  an  enemy  attack.  He  se-s  up  a  mathematical  expression  for  the  fraction  of 
enemy  units  entering  defense  sectors  which  survive  attrition  in  the  ensuing  battle  and  shows  that  the 
criterion  of  minimum  cost  per  kill  does  not  necessarily  represent  the  optimum  strategy  for  the  defend¬ 
ers.  Walsh’s  analytical  account  of  the  ground  battle  turns  out  to  be  rather  complex  although  his  model 
for  the  fraction  of  enemy  units  which  enter  the  defended  sectors,  and  yet  survive  combat  attrition,  in¬ 
cludes  the  total  potential  of  the  defender’s  weapons,  number  of  defense  units  for  each  sector,  and  the 
number  of  attackers  and  their  effectiveness.  With  this  account  of  a  “realistic”  battle,  Walsh  shows  in 
his  illustrative  example  that  when,  the  optimum  defense  strategy  is  employed  rathtr  than  the 
“minimum  cost  per  kill”  measure  of  effectiveness,  the  battle  outcome  for  the  defense  is  greatly  im¬ 
proved.  This,  he  explains,  is  due  to  involved  interactions  between  weapons  and  forces.  The  analyst 
would  do  well,  therefore,  to  take  a  very  hard  look  at  any  such  criteria  of  effectiveness,  or  MOE’s,  even 
though  minimum  cost  per  kill  may  often  be  a  valid  and  useful  criterion. 


26-7  DEVELOPING  A  MODEL  FOR  MOE  USE  WITH  THE  INFANTRY  RIFLE 
AS  AN  EXAMPLE 

While  we  have  indicated  that  a  good  MOE  often  will  depend  largely  on  the  particular  weapon  ap¬ 
plication  and  that  the  usefulness  of  an  MOE  will  also  depend  rather  critically  on, the  problem  of 
modeung  the  performance  of  the  weapon  properly,  an  example  of  model  development  and  the 
resulting  value  of  the  MOE  is  illustrative.  As  a  simple  and  yet  instructive  example,  we  will  consider  the 
case  of  an  infantry  rifleman  defending  ground  against  the  attack  of  oncoming  enemy  infantrymen. 
Suppose,  for  example,  that  the  friendly  rifleman  has  the  job  of  neutralizing  an  attacking  enemy 
rifleman  who  is  making  a  frontal  attack  on  the  defended  position.  Suppose  further  that  the  enemy  rifle¬ 
man.  being  the  attacker,  is  seen  often  and  is  in  rather  full  view  of  the  defender.  Moreover,  he  ap¬ 
pro*,  hes  the  defender  in  a  fairly  crouched  manner,  so  that  he  presents  a  fairly  “circular”  or  “square” 
target  (for  ease  of  computation).  As  the  enemy  soldier  tries  to  overrun  the  defender,  the  defending  rifle¬ 
man  will  engage  him  at  some  range  of  engagement,  depending  on  characteristics  of  the  terrain,  vegeta¬ 
tion,  ;>erhaps  chance  of  hitting  by  the  defender,  and  other  considerations.  Also,  assume  as  is  often  the 
case,  :hat  the  conditional  chance p(k\h)  that  a  hit  is  a  “kill”  or  incapacitation  inconstant  over  the 
likely  ranges  of  engagement.  In  such  a  situation,  then  just  how  would  we  develop  a  model  for  a  good 
MOE,  and  what  would  it  be? 

It  is  certainly  desirable  to  stop  the  enemy  attacker  with  the  first  shot;  hence  we  may  view  the  prob¬ 
lem  is  follows.  The  crouching  attacker  may  appear  at  a  randomly  chosen  range  between  some 
reascr  .'ble  limits  so  that  there  is  a  distribution  of  ranges  of  engagement,  and  therefore  the  chance  of  a 
hit  as  a  function  of  range  will  also  be  an  important  consideration.  Hence,  we  may  seek  to  find  an 
overall  measure  of  effectiveness;  namely,  the  average  chance  over  probable  engagement  ranges  that  the 
defending  rifleman  will  incapacitate  the  enemy  attacker.  In  this  connection,  the  chance  of  a  hit  for  any 
range  R  may  be  taken  (Chapter  14)  as 


ph(R)  -  1  -  exp{  —rf/  [2ff}(R/ 1000)*]} 
-  1  -  exp[-5QO,OOOr//(<r0'tf')] 


(26-1) 
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where 

rT  =  radius  of  the  target,  m 

(T0  =  total  delivery  error  (a  constant),  mil 

R  =  range  to  target,  m. 

For  the  probable  distribution  of  the  ranges  of  engagement  lor  the  defending  rifleman  firing  at  the  at¬ 
tacker,  we  will  use  the  gamma  density 

f(R)  =  (^-'Vv^Fj/e^expC-^V/S)  (26-2) 

where  it  can  be  shown  that  the  parameter  0  is  given  by 

0  -  (x/4)  [£(/?)]*  =  (x/4) (Mean  Range)*,  m*,  (26-3) 

This  seems  to  be  a  reasonable  choice  for  rifle  ranges  of  engagement  since  Eq.  26-2  peaks  toward  the 
closer  ranges  and  has  some  positive  skewness,  tailing  off  to  the  longer  ranges  at  which  the  attacker  may 
possibly  appear.  In  connection  with  Eq.  26-3,  one  determines  the  distribution  of  the  range  of  engage¬ 
ment  simply  by  selecting  the  mean  or  expected  range  of  engagement,  squaring  it  and  multiplying  by 
r/4,  which  gives  the  single  parameter  0  for  substituting  in  Eq.  26-2. 

We  are  now  ready  to  set  up  the  model,  taking  the  chance  of  any  random  engagement  range,  mul¬ 
tiplying  this  by  the  probability  of  a  hit  and  then  by  the  conditional  chance  that  a  hit  is  a  kill  or  in¬ 
capacitation,  and  finally  integrating  over  all  ranges  (zero  to  infinity  here).  Thus,  we  have  that  the 
average  kill  probability  7*  will  be  determined  by 

S  -  /  p(k\h)f(R)ph(R)dR  (26-4) 

0 

This  integration  for  qonstant  p(k  |  h)  leads  to 

R  =*  p{k\h){\  -  {1+  J2X10V// (o*0)] exp{— [2X10V7/ (»o0)] l/})_  (26-5) 

where,  in  summary. 

rT  *  target  radius,  m 

<r*  *  total  dcii  /ery  error,  mil 

0  ■  (ir/4)(rr.ean  range)*,  m*.  _ 

Thus,  we  take  the  average  kill  probability  /»  over  probable  ranges  of  engagement  as  a  useful 
measure  of  effectiveness.  It  will  be  informative  to  give  a  numerical  example. 

EXAMPLE  26-1 : 

,  Let  us  consider  the  typical  tactical  situation  previously  outlined  between  a  friendly  and  an  enemy 
rifleman,  and  assume  that  the  delivery  errors  for  the  friendly  rifleman  amount  to  a  round-to-round 
standard  error  of  0.5  mil  and  an  aiming  error  of  1  mil.  The  conditional  chance  that  a  hit  is  a  kill  is  0.9. 
The  target  radius  is  Vi  m,  and  the  terrain  and  vegetation  is  such  that  the  average  or  expected  range  of 
engagement  is  1 50  m.  What  is  the  value  of  the  MOE,  taking  it  to  be  the  average  kill  probability  over 
likely  engagement  ranges? 
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We  have: 

rT  =  0.333  m 

( j0  =  \/l2  +  (0.5)2  =  1.12  mils 
8  =  (ir/4)(150)*  »  17,671  ma(Eq.  26-3). 

The  single-shot  hit  probability  as  a  function  of  range  is  calculated  from  Eq.  26-1,  and  is  plotted  as 
the  upper  curve  in  Fig.  26-10.  Taking  the  mean  engagement  range  as  150  m,  and  the  parameter 
8  =  17,671  ma  determined  from  Eq.  26-3,  one  can  calculate  by  Eq.  26-2  (for  illustrative  purposes)  the 
probability  density  function  / (R)  which  is  plotted  as  the  lower  curve  on  Fig.  26-10,  with  the  ordinate 
scale  given  at  the  right. 

Since  p(k  |A)  =  0.9  and  is  constant  for  ranges  of  interest  here,  then  from  Eq.  26-5  one  may  calculate 
ft  -  (0.9)(0.824)  =  0.742. 

(Had  the  expected  range  of  engagement  been  300  m  instead  of  150  m,  then  ft  would  have  been 
(0.9) (0.469)  =  0.422,  showing  the  influence  of  the  true  mean  engagement  range.) 

The  MOE  lor  this  example  was  taken  as  the  kill  probability  P„  which  was  determined  by  integrating 
over  the  range  of  engagement  in  order  to  get  a  more  overall  measure  of  effectiveness  for  the  rifle  system. 
The  model  given  on  the  right-hand-side  of  Eq.  26-5  would  be  different  if  there  were  a  change  in  the 
form  of  the  distribution  of  the  ranges  of  engagement  or  the  hit  probability  model  although  the  concept 
of  /J  as  a  useful  MOE  may  not  necessarily  change.  Hence,  it  might  be  said  that  the  best  MOE  should 
be  based  on  the  most  appropriate  or  overall  mode,  so  to  speak,  and  the  size  of  ft  would  indicate  the 
degree  to  which  the  system  meets  this  objective  in  comparison  with  other  rifles — hence,  the  relation 
between  model  development  and  the  MOE. 

Concerning  small  arms  firings  and  some  other  related  MOE’s,  Sterne  (Ref.  8)  gives  analytical  ex¬ 
pressions  for  the  lethal  areas  of  small  arms,  carrying  over  that  concept  from  the  lethality  of  artillery 
projectiles  to  that  for  a  rifle  firing  bullets.  Groves  (Ref.  9)  discusses  the  effectiveness  of  unaimed  small 
arms  fire  into  a  region  by  carrying  forward  the  small  arms  lethal  area  concept  of  Sterne  and  obtaining 
a  specific  expression  for  rifle  kill  probability  (not  including  the  distribution  of  engagement  ranges). 
Eq.  26-5  is,  of  course,  for  aimed  fire  and  represents  an  attempt  to  develop  a  higher  level  of  an  MOE  for 
such  application.  Nevertheless,  much  more  can  be  said  about  generalized  MOE’s,  which  leads  us  to 
some  further  considerations. 

26-8  SOME  ADDITIONAL  COMMENTS  AND  CONSIDERATIONS  FOR 
GENERALIZING  MOE’s 

An  important  function  for  an  Army  in  combat  zones  is  to  seize  and  hold  ground  areas,  or  deny  the 
enemy  use  or  occupation  of  certain  regions.  Hence,  a  good  measure  of  effectiveness  of  a  weapon  might 
be  the  area  it  can  defend  or  the  area  it  can  preclude  an  enemy  from  taking.  The  rifle  can  reach  out  ef¬ 
fectively  to  hundreds  of  meters  and  can  also  be  aimed  or  fired  in  large  angular  sectors.  Thus,  there  is 
the  question  of  just 'how  much  ground  area  a  rifleman  can  attack  or  defend,  and  to  this  we  might  even 
add  the  mobility  of  the  rifleman  for  a  more  generalized  MOE!  An  artillery  projectile  on  the  other  hand 
can  deliver  a  lethal  spray  of  fragments  over  a  fairly  wide  area  when  fired  to  thousands  of  meters  in 
range,  and  the  artillery  weapon  can  fire  in  wide  angular  directions.  Thus,  this  too  would  seem  to  bring 
up  the  question  of  perhaps  more  generalized  concepts  for  MOE’s  involving  attacked  or  defended 
ground  areas  and  even  related  costs:  Of  course,  for  such  considerations  we  invariably  have  to  get  away 
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from  dealing  wi  h  individual  weapons  and  evaluate  small  units  or  organizations.  Nevertheless,  the  con¬ 
cept  might  well  deserve  more  study  and,  as  a  matter  of  fact,  such  ideas  are  used  in  high  level  war 
games. 

Finally,  and  of  some  interest  is  the  “Concept  of  Opportunity”,  which  has  been  proposed  by  Blum 
(Ref.  10)  as  a  possible  measure  of  effectiveness.  Blum  considers  the  opportunity  presented  to  any 
system  or  the  opportunity  generated  by  the  system  itself,  along  with  the  system  response  to  such  op¬ 
portunities.  The  product  of  these  two  factors,  on  a  relative  frequency  basis,  may  show  the  net  effec¬ 
tiveness  of  the  system  under  study  as  compared  to  another  one.  Blum  points  out  that  “opportunity  is 
dynamic”,  and  indicates  as  an  example: 

“The  number  of  targets  presented  to  a  combat  system  is  a  measure  of  that  system’s  opportunity  to 
engage.  But  if  those  targets  are  not  benign  with  respect  to  the  system  being  examined,  then  their  in¬ 
crease  presages  an  increase  in  the  risk  that  the  candidate  system  will  be  attacked  and  its  marginal  ef¬ 
fectiveness  reduced  before  it  can  effectively  respond  to  the  opportunities  presented.”. 

Blum  then  points  out  that  perhaps  it  would  be  appropriate  to  describe  opportunity  as  the  immediate 
precursor  to  the  effectiveness  of  any  given  subsystem  to  the  whole  system  under  study.  As  an  extension 
of  the  concept  of  opportunity,  he  considers  a  widened  scope  for  a  weapon  system — including  the  op¬ 
portunity  to  acquire  a  target,  the  opportunity  to  engage  a  target,  the  opportunity  to  hit,  and  the  oppor¬ 
tunity  to  kill  or  defeat  the  target. 

Blum  (Ref.  10)  concludes  his  concept  by  suggesting  two  principles  concerning  where  to  begin  the 
assessment  of  system  effectiveness: 

“First  Principle:  Thoroughly  define  the  system  being  evaluated  through  all  its  major  subsystems. 
Construct  a  diagram  of  the  subsystem  flow.  Determine  if  opportunity  is  endogenous  or  exogenous  to 
the  system. 

“Second  Principle:  If  the  system  generates  its  own  opportunity  and  there  are  no  interactions  be¬ 
tween  subsystems  (series-parallel  flow  without  feedback),  then  maximizing  opportunity  is  a  neces¬ 
sary  condition  to  maximizing  system  effectiveness.”. 

26-9  SUMMARY 

MOE  is  a  quantitative  expression  of  the  degree  to  which  a  system  under  study  meets  its  objective. 
The  MOE,  therefore,  often  will  depend  on  the  possibility  of  quantifying  or  modeling  the  weapon 
system  objective.  In  fact,  the  value  of  the  MOE  selected  to  measure  the  worth  of  a  system  may  well  de¬ 
pend  on  the  proper  development  of  a  useful  and  quantitative  overall  model  of  system  performance.  We 
have  given  several  illustrations  for  MOE’s  in  different  military  operations  research  areas  of  interest 
and  developed  an  example  for  small  arms  which  may  apply  elsewhere. 
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CHAPTER  27 

DETECTION  PHENOMENA,  CHANCES  OF  TARGET  DETECTION, 

AND  SEARCH  STRATEGIES 

Some  of  the  basic  physical  phenomena  and  principles  applicable  to  target  detection  devices  are  discussed  for  the  general 
background  information  of  the  analyst.  Some  of  the  models  to  estimate  probabilities  of  detecting  targets  are  given  and  il¬ 
lustrated.  In  view  of  its  importance,  an  introductory  account  is  given  of  some  available  strategies  for  the  target  searching 
problems.  References  for  further  reading  are  listed. 

27-0  LIST  OF  SYMBOLS 

A  =  area  in  which  target  is  randomly  distributed  or  locatable,  m* 

At  —  antenna  size,  mJ 

At  =  target  cross-sectional  area,  m* 

Au  ~  area  of  uncertainty 
AuAi  =  typical  areas 

Bi  —  acceptance  bandwidth  of  receiver,  Hz 
ci  =  cost  of  searching  ith  region 
Ci  =  constant  =  3.7415  X  10_1*W»cm* 
ct  -  constant  ~  1.4388  cm*K 
E  =  elevation  angle,  deg 
E(n)  =  expected  number  of  trials  to  a  detection 
E0  =  electric  field  vector 

Ep  —  total  emissive  power,  W/  (cm**hemisphere) 

Elf)  =  expected  time  (to  detect) 

'E(W)  -  mean  or  expected  value  of  W 
F(R)  =  appropriate  function  of  the  lateral  range  R 
f  =  false  alarm  rate 
G  =  antenna  gain,  dimensionless 

Gn  =  chance  of  not  detecting  target  in  Kn  —  1 )  glimpses  but  detecting  it  on  the  nth  trial 
gi  =  chance  of  detecting  target  on  ith  trial 
g(  W,  a,  v)  =  gamma  probability  density,  Eq.  27-33 
Hq  =  magnetic  field  vector 
hi  -  antenna  height,  ft  or  m 
A,  =  target  height,  ft 

70  =  intensity  of  output  signal,  W/m*  or  W/cm* 

I p  =  intensity  of  returned  signal,  W/m*  or  W/cm* 

J(\)  =  emissive  power  of  unit  area  in  wavelength  interval  X,  W/(cm’*cm) 

K  =  constant,  dimensionless 
K'  =  constant,  m 
K*  =  constant,  m*  s  ' 
k  -  number  greater  than  unity 
k  =  Bolt?mann  constant  =  1.38  X  10-**  W/(Hz*K) 
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system  loss  factor.  dimensionliss 

length  of  path  search,  m 

number  of  boxes  (possibly  sc  nched  j 

optimal  search  policy 

noise 

noise  factor,  dimensionless 
number 

given  number  of  glimpses 

unknown  number  of  target  elements  present 

chance  of  detecting  target  in  >t  glimpses 

chance  of  target  detection  within  range  R,  given  maximum  range  Rm 
transmitted  power,  VV 

unknow  n  chance  of  seeing  or  detecting  a  target  element  =  1  —  q 

estimate  of  ^  =  1  —  r*/r 

prior  probability  target  is  in  the  ith  region 

chance  of  detecting  target  within  the  lateral  range  R 

chance  of  detection 

chance  of  detection  in  time  t 

chance  of  not  seeing  or  detecting  a  target  element  “I  -  /> 

estimate  of  q  *  st/x 

range  to  target,  m 

lateral  range,  m 

maximum  range  to  target,  mi 

limiting  range,  m 

ratio  (Eq.  27-31) 

area  rare  of  search  for  background  b  and  light  level  t 

reference  rates  of  search 

signal 

variance  of  the  number  of  target  elements  detected  in  several  trials 

b*  **  estimate  of  e* 

absolute  temperature,  K 

ambient  temperature,  290  K 

number  of  time  units  apart  for  intermittent  glimpses 

time 

time  variable 

search  speed  (constant) 

target  speed,  tank  speed,  m/s 

relative  speed  between  target  and  observer,  m/s 

width  of  path  (sweep)  seerched  by  sensor,  m 

width  of  path,  as  before,  except  W  is  now  a  random  variable 

effective  width  of  path  searched  by  senior,  m,  Eq.  27-29 

interval  length 

observed  mean  number  of  target  elements  detected  in  several  trials 
P  ■»  estimate  of  jt 
variance  of  W 
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a  =  an  optimal  value  for  the  iterated  constant  a  determined  from  Eq  27-32 
a  -  reciprocal  of  scaie  parameter  (Eq.  27-33) 
a,  =  chance  target  is  in  ith  region 
t  =  total  emissivity  of  a  surface,  dimensionless 
9  MTTD  =  mean  time  to  detection 
A  =  wavelength,  cm  or  m 

H  =  np  -  true  average  number  of  target  elements  detected  per  trial  =  n(l  —  q) 
v  =  shape  parameter 
2  =  target  size,  m* 

2,  =  target  cross  section,  m* 

<r*  =  true  unknown  variance 
a,  -  Stefan-Boltzmann  constant 
=  5.7  X  10'l*\V/(cm*»K*) 
t  =  average  time  wasted  for  a  false  alarm 

27-1  INTRODUCTION 

In  Chapter  1 1 ,  we  discussed  many  of  the  factors  affecting  target  selection  and  presented  some  prob¬ 
abilistic  techniques  of  analysis  of  continuous  search  or  search  by  target  detection  devices  which  may 
involve  distinct  glimpses.  The  purposes  of  this  chapter  are  to  give  the  analyst  some  further  introduc¬ 
tion.  especially  to  the  general  physical  principles  or  characteristics  of  target  detection  devices  used  in 
the  field,  and  also  cover  selected  topics  in  elementary  seareh  theory.  Concerning  the  first  topic,  we 
believe  the  Army  weapon  systems  analyst  should  be  aware  of  physical  phenomena  and  functions 
related  to  target  detection  and  location,  the  general  types  of  detection  devices  used,  something  on  the 
accuracy  of  the  processes,  including  the  effect  of  sensor-to-target  range  which  represents  the  primary 
tactical  variable. 

Weapon  systems  cannot  be  employed  properly  in  the  field  without  the  prompt  or  timely  detection  of 
enemy  targets  as  they  appear  on  the  battlefield.  Hence,  the  importance  of  superior  target  detection 
equipment. 

As  the  reader  is  no  doubt  aw  e,  much  of  the  information  on  target  detection  and  acquisition  devices 
is  classified.  Hence,  information  on  specific  items  must  be  obtained  from  appropriate  Army  publica¬ 
tions  and  reports.  -  • 

27-2  DETECTION 
27-2.1  SENSORS 

Before  undertaking  an  analysis  of  search  detection  and  the  attendant  errors  with  their  range  de¬ 
pendencies,  it  is  advantageous  to  discuss  briefly  the  physical  and  operational  characteristics  of  sens¬ 
ing  processes  and  devices. 

27-2.1.1  Electromagnetic  Sensors 

By  far  the  most  important  class  of  sensors  are  those  capable  of  detecting  and  interpreting  electro¬ 
magnetic  radiations.  The  spectrum  of  electromagnetic  frequencies  covers  ranges  from  those  in  the 
"audio”  range,  although  ail  frequencies  here  may  not  be  audible,  to  those  encountered  in  connection 
with  the  most  energetic  cosmic  rays.  The  spectrum  is  shown  in  Fig.  27-1. 
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Figure  27-1.  Radar  Frequencies  and  the  Electromagnetic  Spectrum 


While  all  electromagnetic  waves  aie  transmitted  at  the  same  speed  in  free  space,  3X10,#  m/s,  the 
speed  through  other  media  is  strongly  frequency  dependent,  which  accounts  for  many  of  the  charac¬ 
teristics  of  these  radiations.  Refraction  is  a  consequence  of  propagation  velocity  changes  along  the 
d  ection  of  wave  front  propagation;  the  magnitude  of  this  effect  is  frequency  dependent. 

Electromagnetic  absorption  and  scattering  also  are  frequency  dependent  phenomena.  Absorption  is 
the  frequency  selective  diminution  of  electromagnetic  waves  or  signals  by  the  medium  through  which 
propagation  is  taking  place;  the  energy  carried  in  the  wave  train  is  absorbed  by  the  material  of  the 
medium.  Scattering  is  precisely  what  the  name  implies;  it  is  the  diversion  of  radiant  energy  from  its 
original  propagation  path  to  be  scattered  more  or  less  uniformly  through  the  solid  angle  4ir  sr.  Scatter¬ 
ing  is  a  characteristic  of  all  wave-like  phenomena.  In  general,  this  process  is  most  pronounced  when 
the  wavelength  of  the  radiation  is  the  same  order  of  magnitude  as  the  scattering  particle  diameter. 

Reflection  also  is  frequency  dependent,  and  dependent  as  well  on  the  nature  of  the  reflecting  sur¬ 
face. 

Another  property  of  electromagnetic  radiations  is  their  susceptibility  to  polarization.  When  these 
waves  are  reflected  from  smooth  plane  surfaces,  i.e.,  from  sea  water  or  grassy  fields,  two  important 
changes  take  place:  (1)  the  waves  are  polarized  into  a  plane  which  is  horizontal  with  respect  to  the  line 
of  propagation,  and  (2)  a  phase  lag  of  approximately  one-half  wavelength  is  introduced.  The  effects  of 
refraction,  absorption,  scattering,  reflection,  and  polarization  are  important  operationally  for  target 
detection  devices. 
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27-2.1 .1.1  Radar 

The  word  radar  is  an  acronym  for  radio  detection  and  ranging.  The  main  elements  of  a  radar  system 
are: 

1.  A  transmitter  which  acts  as  a  source  of  electromagnetic  energy 

2.  An  antenna  to  radiate  this  energy 

3.  A  receiving  antenna  to  collect  energy  reflected  from  a  target  (The  receiving  antenna  may  be  the 
same  as  the  radiating  antenna  ) 

4.  A  receiver  to  process  electronically  the  energy  received  through  the  antenna 

5.  A  display  element  which  makes  the  received  energy  available  to  a  decision  maker. 

The  transmitted  signal  may  be  uninterrupted  continuous  wave  (CW),  pulsed  CW,  phase 
modulated,  amplitude  modulated,  or  frequency  modulated — depending  on  its  tactical  application. 
The  emphasis  here  will  be  on  pulsed  CW  systems. 

The  basic  principle  of  pulsed  radar  is  that  the  transmitter  sends  out  radio  waves  in  a  series  of  short, 
powerful  pulses  and  then  rests  during  the  remainder  of  its  cycle.  During  the  particular  period  or  inter¬ 
val  in  which  the  transmitter  is  at  rest,  echo  signals  may  be  received  and  timed  to  determine  the  range 
to  the  reflecting  surface.  In  CW  radar,  the  transmitter  sends  out  a  continuous  signal.  If  a  nonmoving 
surface  is  in  the  path  of  the  transmitted  wave  train,  the  frequency  of  the  reflected  signal  will  be  the 
same  as  that  of  the  transmitted  signal.  If  the  surface  is  moving,  the  frequency  of  the  reflected  echo  will 
differ  from  that  of  the  transmitted  signal  and  the  frequency  difference  can  be  used  as  an  indicator  of 
target  motion.  This  target  motion  can  also  be  detected  by  pulsed  CW  radar,  but  not  as  well. 

For  initial  target  detection,  long-range  search  radar  is  used  to  evaluate  targets  before  they  can  come 
within  firing  range.  It  differs  in  many  features  from  a  fire  control  radar,  the  function  of  which  is  to  give 
accurate  target  location  and  tracking  information.  The  search  radar  beam  is  broadly  focused  vertically 
and  horizontally  by  the  antenna  to  enable  it  to  search  a  more  extensive  volume  of  space.  It  usually 
scans  a  full  360  deg  around  the  installation.  A  search  radar  may  be  especially  designed  for  air  or  sur¬ 
face  search,  or  a  single  radar  may  be  used  for  both. 

Interference  (including  reflection),  refraction,  scattering,  absorption,  and  polarization — all  fre¬ 
quency  dependent — are  discussed  in  the  paragraphs  that  follow  in  order  to  give  the  analyst  some  ap¬ 
preciation  of  the  problems  associated  with  the  detection  of  targets  by  radar.  Since  frequency  is  in¬ 
versely  proportional  to  wavelength  A,  these  various  phenomena  affect  the  sensitivity  of  the  signal-to- 
noise  S/N  ratio  given  by  Eq.  27-1 .  This,  in  turn,  affects  the  chance  of  target  detection  which  depends 
greatly  on  the  value  of  the  S/N  ratio. 

27-2.1.1.1.1  Parameters 

Frequency  is  an  important  radar  parameter.  Conventional  radars  have  been  operated  at  frequencies 
ranging  from  25  MHz  to  70  GHz. 

The  long  wavelength  region  is  used  for  ground  radar;  the  center  region  is  used  for  airborne  radar; 
and  the  shortwave  region  is  used  for  guided  missile  application.  This  short  microwave  region  borders 
on  the  far  infrared  region,  which  is  why  components  of  radar  and  infrared  systems  (particularly  an¬ 
tenna  and  lens  systems)  are  similar. 

Fig.  27-1  shows  several  different  ways  of  identifying  the  frequency  spectrum.  During  World  War  II, 
as  a  part  of  military  security,  radar  frequency  bands  were  given  letter  code  designations.  The  practice, 
now  a  convenience,  has  continued.  There  is  no  universal  agreement  on  the  precise  locations  of  these 
letter  bands. 
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Other  parameters  are  related  to  the  characteristics  of  the  type  of  radar  used.  (See  Ref.  1,  or  other 
standard  works,  for  a  more  complete  discussion  of  the  various  radar  types,  their  systems  of  modula¬ 
tion,  employment,  and  associated  parameters.) 

The  probability  of  radar  target  detection  is  a  monotonic  increasing  function  of  the  S/A  ratio.  This 
ratio  is  given  by  Eq.  27-1  which  includes  a  significant  number  of  the  operationally  meaningful 
parameters,  i.e., 


S_ 

N 


/?C*X22, 

(4r)*R4kT0AFoLBi 


dimensionless 


(27-1) 


where 

P,  —  transmitted  power,  W 
G  =  antenna  gain,  dimensionless 
X  =  wavelength,  m 
2,  =  target  cross  section,  m’ 

R  -  range  to  target,  m 

k  =  Boltzmann  constant,  1.38  X  10'**  W/(Hz*K) 

T,  =  290  K 

A Fa  =  noise  factor  of  the  receiver  and  which  accounts  for  antenna  and  receiver  noise  inputs, 
dimensionless 

L  -  system  loss  factor,  dimensionless 

Bi  -  acceptance  bandwidth  of  receiver,  Hz  (If  bandwidth  of  receiver  is  matched  to  bandwidth  of 
transmitted  pulse,  B,  =  1.) 

The  antenna  gain  G  is  itself  functionally  related  to  the  radar  parameters: 

G  —  4»v4,/X*r  dimensionless  •  (27-2) 

where 

•  •  •  • 

A ,  m  antenna  size,  m*. 

It  is  important  to  note  (Eq.  27-1 )  that  S/ N  depends  inversely  on  the  fourth  power  of  the  range  to  the 
target  and  hence  falls  off  very,  very  rapidly  with  range. 

27-2.1.1.122  Targets 

When  a  train  of  electromagnetic  waves  encounters  a  discontinuity  in  the  propagation  medium,  n 
certain  proportion  of  the  energy  is  reflected  (scattered)  in  many  different  directions.  If  the  discon 
tinuity  is  a  finite  body,  then  these  reflections  from  the  body  enable  it  to  be  distinguished  from  its  back 
ground  and  hence  detected.  From  this  qualit”  or  characteristic  of  reflectivity,  which  is  in  part  fre  • 
quency  dependent  and  in  part  dependent  on  the  electrical  properties  of  the  body  radiated,  a  construe 
has  been  defined  called  the  “radar  crow  section”  of  the  target.  This  is  also  referred  to  simply  as  the 
cross  section  or  target  size.  For  most  military  radar  targets,  the  cross  section  does  not  have  a  simple 
analytic  relationship  to  the  target  except  that  the  larger  the  target,  the  larger  the  cross  section  is  apt  to 
be.  On  page  40  of  Ref.  t  cross  section  is  defined  in  the  following  way:  “The  radar  cross  section  of  < 
target  is  the  area  intercepting  that  amount  of  power  which,  when  scattered  equally  in  all  directions 
produces  an  echo  at  the  radar  equal  to  that  from  the  target.”. 
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27-2.1.1.1.3  Propagation  Path 

The  net  detection  effect  produced  by  a  radar  depends  not  only  on  the  radar  itself  and  on  its  target, 
but  also  on  the  conditions  of  propagation.  Of  primary  interest,  as  we  have  alreadv  mentioned,  is  the 
S/.V ratio  at  the  receiver  given  by  Eq.  27-1 .  The  five  fundamental  physical  phenomena  acting  along  the 
propagation  path  that  affect  the  S/\  ratio  are: 

1.  Interference,  including  reflection 

2.  Refraction  effects 

3.  Scattering 

4.  Absorption 

5.  Polarization. 

The  influence  or  impact  of  all  of  these  on  the  signal  to  noise  ratio  depends  on  the  carrier  frequency. 


27-2.1.1.1.3.1  Interference  and  Reflection 

Electromagnetic  waves  can  be  given  a  vector  representation,  which  is  time  and  frequency  depend¬ 
ent.  If  the  same  signal  arrives  at  a  point  over  two  different  paths  so  that  one  lags  behind  the  other 
(which  lag  is  termed  a  phase  shift)  by  a  time  period  equal  to  one-half  cycle,  and  if  the  amplitudes  of  the 
two  are  the  same,  the  two  add  vectorially  and  cancel  each  other.  If  their  amplitudes  are  not  the  same, 
cancellation  is  less  than  complete.  Conversely,  the  inphase  signals  reinforce  each  other. 

When  radar  is  used  to  detect  air  targets,  a  cancellation  and  reinforcement  effect  is  produced  as  a 
result  of  signal  reflection  from  the  surface  of  the  earth.  This  is  known  as  the  Lloyd’s  Mirror  Effect.  If  E 
is  the  elevation  angle  of  the  air  target,  then  the  following  relationships  hold 


_  (2n  +  1)A 

tan  E  = - — - ,  cancellation 

4  ht 

where 

n  =  0,  1 , 2 

h i  =  antenna  height,  m 
A  =  wavelength,  m. 

Otherwise, 


(27-3) 


tan  E  =  (n  +  l)A/(2Ai),  reinforcement. 


(27-4) 


The  importance  of  these  relationships  can  scarcely  be  overemphasized.  To  the  tactician  who  must 
be  aware  of  the  effect  in  planning  his  operations  and.  to  those  involved  in  air  defense,  this  is  one  of  the 
sources  of  difficulty  associated  with  detecting  low  flying  aircraft.  To  an  attacker,  of  course,  this  phe¬ 
nomenon  offers  the  chance  to  approach  a  target  closely  with  minimum  chance  of  detection.  The  max¬ 
imum  cancellation  occurs  at  zero  elevation  angle,  since  only  in  this  region,  which  is  known  as  the  fade 
zone,  are  the  signal  amplitudes  equal  and  out  of  phase.  For  higher  elevations,  the  direct  path  signal  is 
greater  than  the  indirect  path  signal. 

This  effect  is  quite  unrelated  to  line-of-sight  propagation,  and  hence  the  weapon  systems  analyst 
should  be  aware  of  it  in  evaluating  air  defense  systems. 


.  27-2. 1.1. 1.3 .2  Refraction 

Electromagnetic  waves  are  refracted  on  transmission  through  a  nonisotropic  medium,  and  the 
earth’s  atmosphere  is  such  a  medium.  The  velocity  of  propagation  through  the  atmosphere  is 
primarily  dependent  on  air  density.  Density  in  turn  is  dependent  on  temperature  and  pressure.  The 
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primary  refraction  effects  of  the  lower  atmosphere  are  to  introduce  errors  in  range  and  elevation. 
Tracking  noise  is  also  introduced  through  small  scale  disturbances,  such  as  turbulence. 

Since  the  speed  of  propagation  generally  increases  with  altitude  (decreased  atmospheric  density), 
there  is  a  tendency  for  electromagnetic  wave  trains,  or  waves,  to  be  bent  downward.  This  phenome¬ 
non  generally  causes  the  radar  horizon  to  be  farther  from  the  antenna  than  the  optical  horizon. 

A  simple  approximation  exists  to  calculate  the  distance  or  the  maximum  range  to  air  targets,  i.e., 

Rm  *  y/2h[  +  y/lhl  ,  mi  (27-5) 

where 

Rm  =  maximum  distance  to  target,  mi 
hi  =  antenna  height,  ft 
hj  =  target  height,  ft. 

Thus,  if  the  radar  antenna  is  1 50  ft  high  and  an  air  target  is  at  30,000  ft,  the  horizon-limited  maxi¬ 
mum  range  of  detection  would  be  approximately  \/300  +  \760,000  <*>  262  mi. 

If  the  propagation  velocity  increases  more  rapidly  with  height  than  normal,  an  anomolous  condi¬ 
tion — called  super-refraction,  trapping,  or  ducting  effect— can  cause  the  radar  horizon  to  be  greatly 
extended.  It  is  possible  to  have  ducts  above  the  surface,  but  ground-based  ducts  are  more  common.  In 
order  for  the  energy  to  be  trapped,  the  antenna  must  be  in  the  duct. 

Ground  based  ducts  are  created  when  the  air  temperature  and/or  the  humidity  decrease  rapidly 
with  height.  Of  the  two  factors,  humidity  is  the  more  important  one.  These  conditions  frequently  are . 
found  on  the  west  coasts  of  continental  land  masses  where  ocean  current,  upwelling  brings  cold  water 
to  the  surface,  and  where  high  atmospheric  pressure  systems  produce  subsidence.  This  subsidence 
causes  a  high  temperature  gradient,  which  is  accentuated  at  the  plane  of  contact  with  the  cold  water. 

27-2. 1.1. 1-3.3  Scattering 

Scattering  is  another  phenomenon  that  affects  the  S/N  ratio.  There  are  two  main  effects  of  scatter¬ 
ing: 

1 .  Loss  of  signal  intensity 

2.  Loss  of  energy  scattered  back  into  the  receiver. 

Both  of  these  effects  are  adverse.  The  loss  of  signal  intensity  diminishes  the  S/N  ratio.  Since  backscat- 
ter  appears  as  increased  noise,  it,  too,  decreases  the  S/N  ratio. 

Scattering  targets  are  described  as  volume  or  area  targets.  Rain  and  clouds  are  volume  targets, 
while  the  surface  of  the  earth  or  sea  are  surface  (area)  targets.  Fig.  27-2  displays  the  backscatter  cross 
section,  in  square  centimeters,  of  a  cubic  meter  of  air  which  is  occupied  by  rain.  Rain  density  is  defined 
in  terms  of  rainfall  rate  in  millimeters  per  hour. 

27-2.1.1.1.3.4  Absorption 

Absorption  causes  a  loss  of  signal  intensity  which  is  cumulative  over  distance.  This  signal  attenua¬ 
tion  is  measured  in  decibels  (dB)  per  km.*  The  process  is  caused  essentially  by  the  various  gases  which 


•The  decibel  it  s  dimensionless  number  used  to  measure  ratios.  It  is  defined  as  10  log*  17,  where  A  is  the  ratio  to  be  meas¬ 
ured.  To  illustrate,  let  4  ”  5X10*"  VVtm"',  and  4  "  10**  W«cm**.  Then  for  the  ratio  A  ”  4/4  we  have  10  logwA  “ 
-43,  or  4  is  43  dB  down.  The  decibel  relation  offers  the  convenience  of  the  logarithmic  compression  of  a  number.  It  is  im¬ 
portant  that  4  *nd  4  be  expressed  in  the  'same  units. 
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Figure  27-2.  Exact  and  Rayleigh  Approximate  Baciucattering  Cross  Sections  Per  Unit 
Volume  of  Rain-Filled  Space,  Plotted  Against  Rainfall  Intensity* 

*D.  Atlas  et  al.,  Air  Force  Surveys  in  Geophysics,  no.  23,  Geo¬ 
physics  Research  Directorate,  Cambridge,  Mass.,  1952. 

constitute  the  atmosphere.  The  molecules  of  these  gases  are  excited  electrically  by  the  wave  train.  This 
excitation  absorbs  energy  from  the  radar  signal. 

Fig.  27-3,  which  relates  the  gas  density  dependency  on  altitude,  shows  the  effect  of  wavelength  on  at¬ 
tenuation. 

27-2.1.1.1JJ  Polarisation 

The  electromagnetic  wave  comprises  two  sinusoidally  varying  field  vectors,  one  electric  the  other 
magnetic  H9.  These  vectors  are  at  all  times  perpendicular  to  one  another  and  to  the  direction  of  energy 
propagation.  The  simplest  case  of  polarization  is  that  in  which  the  electric  field  vector  varies  in 
magnitude  in  a  plane  having  some  fixed  orientation  with  respect  to  the  direction  of  propagation.  This 
is  shown  in  Fig.  27-4.  Here  the  electric  field  vector  E9  is  constrained  to  the  T'A'-(vertical)  plane,  and  the 
wave  is  said  to  be  vertically  polarized.  The  plane  of  polarization  could  have  any  orientation.  It  may  be 

that  the  plane  of  orientation  of  the  electric  field  vector  routes  in  time.  Naturally,  the  magnetic  field 

.  1 

vector  //.  rotates  in  order  to  maintain  their  perpendicularity. 

Fig.  27-5  illustrates  a  point  in  space,  viewing  the  72-plane  along  a  direction  of  increasing  X.  If  the 
vector  Eo  at  this  point  rotates  in  the  72-pla.ne  in  such  a  way  that  its  magnitude  describes  an  ellipse  as 
'l  shown,  then  the  wave  is  said  to  be  eilipticaliy  polarized.  If  Ex  ™  Ey  for  all  time,  then  the  wave  is  cir¬ 
cularly  polarized. 
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From  “Atmospheric  Absorption  of  10-400  kMcps  Radiation:  §umnjary  and  Bibliography  to. JL961  ”  by 
E.  S.  Rosenblum,  Microwave  Journal,  Vol.  4,  Copyright  ©  1961  by  Horizon  House-Microwave,  Inc.  Re¬ 
printed  by  permission  of  Hor'zon  House-Microwave,  Inc. 

Figure  27-3.  Attenuation  Per  Kilometer  for  Horizontal  Propagation 


27-2.1.12  Infrared  Sensing 

Electromagnetic  waves  lying  in  that  region  of  the  spectrum  between  1  -500X10*  MHz  are  classified 
as  infrared  (ir).  Because  the  frequencies  are  in  millions  of  megahertz,  it  is  customary,  for  brevity,  to 
refer  to  the  wavelength  rather  than  the  frequency.  The  unit  in  common  usage  is  the  micron,  which  is 
one  millionth  of  a  meter  (10_*  m).  In  this  system,  the  ir  region  extends  from  0.75  to  1,000  microns.  The 
ir  region  itself  is  further  divided  into  three  subregions: 

1.  The  near  ir  (nir):  0.75  £  nir  <  1.2  microns 

2.  The  intermediate  ir  (iir):  1.2  £  iir  <  7.0  microns 

3.  The  far  ir  (fir):  7.0  £  fir  <  1,000  microns. 


Direction  of 
Propagation 


Figure  27*5.  Elliptical  Polarisation 
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A  further  subclass  of  the  fir  region  is  the  8  to  30  micron  region,  termed  the  long  wavelength  infrared 
region  (LVVL).  In  recent  years,  many  ir  systems  have  been  developed  for  operation  in  the  LVVL. 

Qualitatively,  the  ir  region  lies  between  radio  and  the  visible  portions  of  the  spectrum,  with  the  fir 
shading  off  into  visible  red  and  the  nir  just  above  the  highest  radar  frequencies. 

Infrared  radiation  is  a  consequence  of  molecular  agitation  in  translation  and  rotation.  All  matter 
consists  of  electrically  charged  particles.  The  movement  of  an  orbital  electron  is  equivalent  to  an  elec¬ 
trical  current.  These  currents  create  the  ir  radiation.  Molecular  movement  occurs  in  all  matter  at  tem¬ 
peratures  above  absolute  zero.  In  fact,  absolute  zero  is  defined  as  the  temperature  at  which  such  mo¬ 
tion  ceases.  The  origin  of  the  Kelvin  scale,  at  this  point,  is  written  0  K  which  is  equivalent  to  —273°  C 
or  —459°  F.  If  one  considers  a  plane  surface  of  area  1  cm1  at  absolute  temperature  7”K,  then  the  total 
power  radiated  into  one  hemisphere  is  given  by  the  Stefan-Boltzmann  Law 

Ep  -  «t,T*  .  (27-6) 

where 

Ep  -  total  emissive  power,  W/(cm*»hemisphere) 

<r,  -  the  Stefan-Boltzmann  constant  =  5.7X1  O'1*  W/(cm2*K4) 

T  -  absolute  temperature,  K 

t  -  total  emissivity  of  the  surface  (unity  for  a  black  body),  dimensionless. 

The  emissivity  constant  is  unity  for  a  perfect  black  body,  or  in  other  words,  a  body  with  emissivity  1 
is  defined  to  be  a  black  body.  For  the  long  wavelength  portion  of  the  ir  spectrum,  most  bodies  except 
metals  can  be  considered  black.  A  black  body  has  the  capacity  to  absorb  totally  all  radiant  energy  fall¬ 
ing  on  it.  Any  enclosure  with  constant  temperature  interior  walls  and  a  very  small  aperture  can  be  con¬ 
sidered  a  black  body. 

The  Stefan-Boltzmann  Law  gives  the  total  emissive  power,  but  does  not  reveal  anything  about  the 
frequency  distribution  of  this  power.  This  distribution  is  given  by  Planck’s  Radiation  Law 

J{x)  ~  (f)  expta/yiT)]  -  1  .  <27-7> 

where 

J (X)  =  the  emissive  power  of  unit  area  in  the  wavelength  interval  r,  W/(cm,*cm)* 

Ci  =  3.7415  X  10_l,W*cm* 
ct  -  1.4388  cm»K 
X  =  wavelength,  cm 
T  -  temperature,  K. 

This  relationship  is  graphed  in  Fig.  27-6. 

The  total  emissivity  is  the  integral  of  Eq.  27-7  for  0  <  X  <  ®  for  any  temperature  in  the  graphs;  the 
total  emissivity  is  the  total  area  under  the  curve,  including  that  portion  of  the  upper  tails  not  shown  in 
the  figure. 

Refs.  2  and  3  nave  a  good  introduction  to  these  relationships  and  cite  the  scientific  literature  tor 
further  reference. 


•W/cm*  of  surface  area  per  cm  wavelength  of  the  radiation 
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Wavelength,  microns 


Figure  27-6.  Spectral  Distribution  of  Energy  for  Perfect  Emitters 


27-2.1.1.2.1  IR  Detectors 

The  infrared  part  of  the  electromagnetic  spect  *um  is  important  in  military  applications.  This  impor¬ 
tance  arises  from  the  fact  that  these  radiations  produce  heat  when  they  fail  upon  a  material  object. 
Thus;  the  presence  of  infrared  can  be  sensed  dii  ectly  without  resort  to  electronic  receiving  devices  or 
optical  systems,  although  these  classes  of  device)  have  been  found  to  be  extremely  useful  for  enhance¬ 
ment  of  ir  detection,  perception,  and  analysis.  The  sidewinder,  a  pit  viper  of  the  southwest  American 
desert,  'ens»s  ir  sources  directly  with  his  s<*ns«  of  feel. 

The  hu.  an  eye  is  insensitive  to  ir.  However,  in  the  1930’s,  RCA  developed  an  image  tube  that  con¬ 
verted  ir  radiation  into  visible  light.  This  deve  opment  made  night  visual  surveillance  possible,  in¬ 
cluding  such  military  applications  as  the  sniper  scope  and  battlefield  surveillance. 

IR  image  forming  systems  generally  obey  the  same  optical  laws  as  do  visual  systems  but,  because 
the  wavelength  differences  are  so  great,  there  is  :onsiderable  variation  of  the  refractive  index  for  most 
commpn  optical  materials.  Ref.  3  contains  an  extensive  list  of  optical  properties  of  ir-suitable 
materials. 
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A  wide  range  of  ir-sensitive  devices  has  been  used.  There  are  two  main  categories,  quantum  detec¬ 
tors  and  thermal  detectors.  In  an  idealized  quantum  detector,  each  incident  ir  photon  which  is  ab¬ 
sorbed  produces  one  dr  more  countable  electrons  in  an  external  measuring  circuit.  Thermal  detectors 
measure  some  heat  sensitive  characteristic  of  the  element — such  as  a  change  in  electrical  resistivity, 
physical  dimension  changes,  or  voltage. 

Thermal  detectors,  measuring  energy,  have  a  fairly  flat  frequency  response  curve.  It  is  a  character¬ 
istic  of  radiation  that  the  higher  the  frequency  of  radiation,  the  greater  the  energy  of  a  photon.  Since 
the  number  of  electron  excitations  which  take  place  depends  on  the  energy  of  the  absorbed  photon,  it 
can  be  seen  that  quantum  detectors  would  be  most  sensitive  in  the  near  ir. 

Quantum  detectors  can  be  classified  as: 

1.  Photo  emissive 

2.  Photo  conductive 

3.  Photo  voltaic 

4.  Photo  electromagnetic. 

Thermal  detectors  are  of  the  following  types: 

1.  Liquid  thermometer 

2.  Golay  cell 

3.  Calorimeter 

4.  Thermocouple 

5.  Thermopile 

6.  Bolometer. 

Ref.  3  contains  concise  descriptions  of  these  devices  and  their  characteristics. 

The  two  most  commonly  used  modes  of  target  detection  by  ir  radiation  can  be  classified  as  passive 
and  active.  Characteristic  radiation  ir  detection  is  the  term  used  to  describe  the  passive  mode  of 
detecting  emitted  ir  radiation  which  is  characteristic  of  the  target.  The  active  mode  operates  on  the 
principle  that  ir  radiation  is  detected  when  a  beam  of  ir  is  radiated  by  a  special  transmitter  and  then 
reflected  by  the  target.  A  third  mode,  semiactive,  is  not  generally  used.  It  depends  on  the  reflection  of 
ir  energy  from  a  source  independent  of  both  the  sensor  and  target. 

27-2.1. 1.2.2  Effectiveness 

IR  systems  offer  one  great  advantage  over  radar  in  that  they  can  operate  completely  passively — thus 
not  being  susceptible  to  detection  and  countermeasures.  Also,  these  passive  ir  systems  are  much  sim¬ 
plified  by  not  requiring  complex,  expensive,  and  bulky  transmitters.  Coupling  these  advantages  with 
the  fact  that  almost  all  physical  objects  are  ir  transmitters,  we  then  see  that  the  passive  ir  becomes  a 
most  attractive  military  detection  system. 

Ref.  3  contains  the  following  list  of  advantages  and  disadvantages  of  ir  systems. 

“A  summary  of  the  advantages  of  ir  systems  includes: 

1.  Small  size  and  light  weight  compared  to  comparable  active  systems 

2.  Low  cost  compared  to  active  systems 

3.  Capable  of  passive  or  active  operation 

4.  Effective  against  targets  camouflaged  in  the  visible  region  of  the  optical  spectrum 

5.  Day  or  night  operation 

6.  Greater  angular  accuracy  than  radar 

7.  No  minimum  range  limitation 

8.  Minimum  requirement  for  auxi’iary  equipment. 
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“  rhe  performance  limitations  of  ir  systems  are  imposed  mostly  by  atmospheric  conditions.  Humid 
atmosphere,  fog,  and  clouds  present  serious  limitations.  The  problems  can  be  briefly  summarized  as 
follows : 

Lack  of  all-weather  capability  (in  operation  within  the  atmosphere) 

2.  Line-of-sight  detection  capability  only 

3.  Requirements  for  cryogenic  cooling  during  LWL  operation.” 

27-2.1.1.3  Visual  Sensing 

The  vir  'ble  portion  of  the  electromagnetic  spectrum  lies  between  0.38  and  0.72  micron.  The  human 
eye  interprets  the  long  wavelength  end  of  this  window  as  red,  which  shades  off  to  ir,  and  the  short  end 
as  violet,  which  runs  into  the  ultraviolet.  The  eye — the  retina,  lens,  and  iris — is  the  ultimate  optical 
sensor  since  it  is  the  connection  between  the  world  of  visible  images  and  the  brain. 

There  are  several  optical  aids,  which  can  be  classified  as  image  enhancing,  image  preserving,  and 
measuring  devices.  Image  enhancing  devices  run  the  gamut  from  spectacles  through  microscopes, 
binoculars,  to  large  astronomical  reflecting  telescopes.  Image  preserving  devices  are  primarily  photo¬ 
graphic,  although  video  tape  and  other  technologies  are  also  available.  Typical  measuring  devices  are 
optical  range  finders,  surveyor’s  transits,  and  diffraction  screens.  Ref.  4  provides  an  excellent  survey  of 
optical  principles. 

27-2.1.1.4  Photography 

Photography  plays  an  extremely  important  role  in  the  employment  and  analysis  of  military  systems. 
The  principles  of  image  formation,  magnification,  resolution,  etc.,,  in  photography  are  identical  to 
those  in  visual  optics.  There  is  one  minor  difference  of  principle,  however,  which  is  important  in  ap¬ 
plication.  The  camera  lens  projects  its  image  on  a  photographic  film  rather  than  on  the  retina  of  the 
human  eye.  Two  results  follow: 

1.  Film  sensitivity  to  radiations  of  various  wavelength  in  and  near  the  visual  window  can  be  varied 
and  controlled. 

2.  The  image  formed  is  fixed,  i.e.,  it  is  preserved  for  later  detailed  analysis.  It  can  be,  further 
processed  by  enlargement  and  chemical  enhancement. 

By  appropriate  chemical  formulation,  and  when  used  in  conjunction  with  special  filters,  color  film 
can  be  made  sensitive  to  portions  of  the  electromagnetic  spectrum  which  are  not  visible  to  the  eye.  The 
region  which  has  been  found  to  be  most  useful  is  the  ir.  Thus,  the  film,  sensitive  to  radiations  invisible 
to  the  eye,  records  these  images  by  translating  them  into  color  images  -/hich  are  visible.  The  usefulness 
of  this  lies  in  the  fact  that  two  dissimilar  subjects  which  may  reflect  light  equally  in  the  visible  spec¬ 
trum  may  not  do  so  in  the  ir  spectrum.  Thus,  a  truck,  for  example,  may  be  virtually  invisible  to  the 
naked  eye  if  it  is  painted  green  and  viewed  frofn  above  against  a  green  background  of  foliage.  How¬ 
ever,  the  pigment  of  the  truck  paint  and  the  pigment  (chlorophyll)  of  jungle  vegetation  may  differ 
greatly  in  ir  reflectivity.  Thus,  on  the  ir  color  film,  the  two  will  produce  strikingly  different  color  im¬ 
ages  which  are  readily  detectable  to  the  eye. 

Heat  sources  can  be  photographed  using  ir  sensitive  film,  either  black  and  white  or  color. 

Many  changes  in  the  flora  of  an  area  which  are  not  apparent  to  the  unaided  eye  or  conventional 
color  film  are  detectable  using  ir  sensitive  color  film.  This  fact  is  finding  widespread  scientific  and 
military  application.,  Fungi  or  plant  disease  incursions — with  potential  commercial,  scientific,  or 
military  inference — are  thus  detectable  in  their  earliest  stages.  See  Ref.  5  for  a  good  introduction  to  the 
uses  of  color  aerial  photography. 
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27-2.1.2  Acoustic  Sensing 

Whereas  electromagnetic  waves  may  be  transmitted  through  a  vacuum,  acoustic  waves  require  an 
elastic  medium  for  their  propagation.  This  difference,  while  essential,  does  not  lead  to  analytic  tech- 
n.qaes  which  differ  greatly,  however.  The  same  kind  of  relationships  exists  between  frequency  and 
such  parameters  as  beam  w  idth  of  a  transmitting  device  (transducer),  gain  of  a  receiving  array,  reflec¬ 
tion.  and  refra<  tion  One  characteristic  of  electromagnetic  waves  totally  absent  from  acous'ic  waves  is 
polarization.  .Active  acoustic  devices — ones  in  which  a  sound  signal  is  generated,  transmitted,  and  an 
echo  received  from  a  target — are  not  often  found  in  military  systems  other  than  the  SONAR  (sound 
navigation  and  ranging)  used  under  water.  Despite  range  and  other  limitations,  sound  waves  are  just 
about  the  only  energetic  waves  which  can  be  transmitted  for  any  distance  through  wacr. 

Passive  acoustic  or  listening  devices  do  have  application  in  certain  circumstances.  Essentially,  they 
involve  a  receiving  transducer  (microphone  or  hydrophone),  an  audio  amplifier  and  some  sort  of 
signal  processor  and  display  arrangement.  The  receiving  transducer  can  be  made  highly  sensitive  and 
directional  so  that  unwanted  off-axis  noise  can  be  sharply  limited  while  desired  signals  are  received 
unimpeded  and  amplified. 

27-2.1.3  Chemical  Sensing 

Most  substances  at  ordinary  temperatures  emit  molecules,  even  if  in  the  most  minute  quantity,  into 
the  air  The  process  is  related  to  those  of  vaporization  and  sublimation.  These  molecules  produce  in 
living  creatures  the  sensation  of  smell  and  can  often  be  used  to  identify  their  source  uniquely.  Obvious 
military  applications  of  this  phenomenon  exist  and  have  been  used  since  ancient  times.  The  trained 
sentry  dog  and  bloodhound  are  the  most  common  applications. 

Recently  modern  technology  has  been  brought  to  bear,  and  electrochemical  devices  such  as  “snif¬ 
fers"  have  been  constructed  which  detect  human  beings  by  their  scent.  Internal  combustion  engines 
may  be  detected  through  emission  of  their  exhaust  products  with  great  accuracy  and  sensitivity. 

For  the  most  part,  scents  are  windbome,  so  the  application  of  these  devices  is  somewhat  circum¬ 
scribed  thereby.  Nevertheless,  the  weapon  system  designer  and  analyst  should  be  alert  to  their  poten¬ 
tialities  as  signatures. 

27-3  SEARCH  AND  RELATED  DETECTION  PROBABILITIES 
27-3.1  INSTANTANEOUS  DETECTION 

Search  is  the  employment  of  detection  devices  or  systems  in  an  operational  environment  to  discover 
targets.  Search  theory  provides  a  variety  of  principles  or  plans  which  are  suitable  for  detection  of 
targets  in  a  number  t.  tactical  situations.  The  analyst  often  will  have  some  interest  in  chances  of 
detecting  targets  with  sensors  of  all  types— including  the  unaided  eye,  binoculars,  and  the  more  so¬ 
phisticated  radars,  etc. 

For  the  weapon  systems  analyst,  some  of  the  more  basic  and  important  contributors  in  the  mid- 
19  SO*  are  due  to  B  O.  Koopman  (P.efs.  6  and  7)  and  Stone  (Ref.  8).  In  Ref.  7,  Koopman  discusses  the 
geometric  and  kinematic  factors  involved  in  search — i.e.,  the  positions,  motions,  and  contacts  of  ob¬ 
servers  and  targets.  Although  probability  models  for  detection  of  targets  are  introduced  in  Refs.  6  and 
7.  they  are  developed  more  fully  in  Ref.  8,  the  latter  reference  covering  optimum  procedures  for  the 
problem  of  search. 

As  presented  in  par.  1 1-9,  two  models  of  sensing  were  considered,  depending  on  the  nature  of  the 
sensor:  (I )  one  in  which  the  tensing  is  characterized  by  a  succession  of  glimpses,  as  in  the  case  of  echo 
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ranging  wherein  each  sweep  or  scan  constitutes  a  distinct  glimpse  of  the  target,  and  (2)  the  other  in¬ 
volving  continuous  search  or  looking  typified  by  visual  search,  for  example.  For  the  case  of  glimpses, 
the  chance  Pn  of  detecting  a  target  at  least  once  in  n  trials  was  given  in  Eq  1 1-2  and  Refs.  7  and  8  as 

Pn  =  1  -  ft  (1  -  gt)  ■  (27-8) 

|«1 

where  g,  =  chance  of  target  detection  on  ith  trial  or  glimpse,  and  this  reduces  to 

Pn  *  1  ~  (1  -  g)*  *  1  -  exp(-n£)  (27-9) 

if  the  chances  of  detection  on  all  trials  are  equal  (£,  =  g),  and  g  is  sufficiently  small. 

The  chance  6,  of  not  detecting  a  target  in  the  first  (n  -  1)  glimpses  but  detecting  it  on  the  nth 
glimpse  was  given  in  Eq.  11-4  by  the  negative  binomial  (or  here  the  geometric)  distribution 

Gn  =  (1  -  g)-'g  (27-10) 

and  the  expected  number  £(n)  of  trials  to  a  detection  is,  from  Eq.  1 1-5, 

£(»)-!/*  (27-11) 

For  continuous  scanning,  the  instantaneous  chance  p(l)  of  detection  in  time  t  was  determined  to  be 

p{t)  -  1  -  exp (—//(?)  (27-12) 

where 

9  m  MTTD  *  mean  tin.:  to  a  detection. 

We  note  that  the  glimpse  or  discontinuous  model,  Eq.  27-9,  and  that  for  continuous  search.  Eq.  27- 
12,  become  equivalent  for 

ng-t/9  (27-13) 

the  expected  number  of  detections  (in  time  /). 

For  the  simple  models — Eqs.  27-9,  27-10,  and  27-11 — the  parameters  g  and  9  depend  on  the  detec¬ 
tion  equipment,  target  characteristics,  and  background  terrain  and  flora,  although  they  may  be  es¬ 
timated  experimentally  for  different  sensors,  field  conditions,  and  tactical  considerations.  In  par¬ 
ticular,  the  mean  time  to  detect  #of  Fq.  27-12 — since  it  involves  parameter  estimation  for  the  exponen¬ 
tial  distribution — may  be  calculated  advantageously  from  equations  such  as  Eq.  21-83,  which  involve 
either  truncated  or  complete  sample  data.  These  simpler  models,  however,  cannot  possibly  cover  the 
more  complex  situations  likely  to  be  faced  in  the  field,  for,  as  we  have  seen,  the  S/W  ratio  given  by  Eq. 
27-1  romes  into  importance, — depending  on  the  detection  equipment,  target  characteristics,  terrain 
features,  atmospheric  conditions,  background  noise,  etc. 

In  Ref.  7,  Koopman  develops  some  of  the  basic  theory  on  detect  ton  probabilities  (primarily  for  naval 
target  search  operations  on  the  ocean  surface)  which  are  useful  to  the  Army  weapon  systems  analyst. 
Koopman  considers  key  parameters  involved  in  target  detection,  including  ir.  particular  the  range  to 

27- ’7 


DARCOM-P  706-102 


the  target,  the  solid  angle  subtended  by  the  target  at  that  range,  target  reflectivity  characteristics  (in 
tHe  form  of  a  constant  of  proportionality),  target  speed  if  applicable,  type  of  sensor  (glimpse  or  con¬ 
tinuous),  and  effective  search  (or  sweep)  width  and  rate  of  the  sensor.  A  tactical  consideration  of  im¬ 
portance  is  whether  or  not  a  target  is  detected  during  the  time  it  is  in  a  detectable  state.  If  not,  the 
target  may  detect  the  sensor  and  hence  oring  fire  upon  the  sensor  unopposed. 

Koopman  (Ref.  7)  shows  that  the  chance  p(R)  of  target  detection  depends  substantially  on  the 
lateral  range  R*  to  the  target  and,  as  a  matter  of  fact,  one  may  use  the  equation 

p(R)  =  1  -  expf-F^)]  (27-14) 

where  F(R)  is  the  appropriate  function  of  the  lateral  range  R.  The  graph  of  p{R)  versus  R  is  called  the 
lateral  range  curve  and  expresses  the  distribution  in  the  lateral  range.  Koopman  calls  the  area  W  un¬ 
der  the  lateral  range  curve  the  effective  search  or  sweepwidth  of  the  sensor. 

For  ihe  case  of  intermittent  glimpses,  occurring  Tu  units  of  time  apart,  Koopman  assumes  the 
definite  range  law 

fi(0)  =  0 

when  the  lateral  range  R  exceeds  a  limiting  range  R,  and 

pern  =  i 


when  the  total  length  2 y/R*  -  R}ol  the  relative  track  during  which  the  target  is.  within  range  R0  of  the 
observer  and  farther  away  than  VT*,  where  V  is  the  target  speed.  In  this  case,  the  lateral  range  curve  is 
simply  a  rectangular,  or  a  uniform  distribution,  where  p(R)  =  1  for  - R ,  £  R  £  Rt,  and  p(R)  =  0 
otherwise. 

However,  the  chance  of  target  detection  within  range  /?»  is  otherwise 


where  we 


HR)  *  2 y/Rl  -  R*/{VTm) 

must  have 


-'/Rl-  V'TJA  <>  R  £  y/RS  -  V'TJA 


squared,  tH 

P{R  I 


where 

K‘ 


(27-15) 


(27-16) 


Personnel  of  the  ARINC  Research  Corporation  showed  that  for  continuous  search  and  an  assump¬ 
tion  that  tl  e  pdf  for  detection  with  time  is  proportional  to  the  target  cross  section  divided  by  the  range 
hen  the  chance  of  detection,  given  the  maximum  range  of  detection  Rm,  may  be  expressed  as 


\Rm)  -  1  -  exp  [-(A" '/7?)  arctan  (VR*m  -  R'/R)) 


(27-17) 


2KA,fW,m  (27-18) 

K  -  parameter  determined  by  experiment  for  the  sensor,  or  by  more  fundamental  theoretical 
investigation,  dimensionless 


The  lateral  rm,if*  R  is  the  minimum  distance  between  the  target  and  the  line  along  which  the  sensor  moves. 

27-18 
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A,  —  target  cross-sectional  area,  m* 

IF  —  width  of  path  (sweep)  searched  by  sensor,  m. 

Some  typical  lateral  range  curves  for  Eq  27-17  as  a  function  of  the  range  R,  where  the  maximum  range 
Rm  is  taken  to  be  700  m,  are  shown  in  Fig.  27-7.  We  emphasize  that  Eq.  27-17  is  for  continuous  looking 
and  an  inverse  square  law  relationship. 

If  the  sensor  is  a  radar  and  the  detection  probability  is  a  nondecreasing  function  of  the  S/.V  ratio, 
then  the  intensity  1„  of  the  returned  echo  at  the  receiver  is  given  by 

1R  =  /}C2/[(4ir)*/?4],  W/m*  (27-19) 

where 

P,  =  transmitted  power,  W 
G  =  antenna  gain,  dimensionless 
£  =  target  size,  m* 

R  =  rant  t,  m. 

v.  1  r 

For  such  a  radar,  ARINC  research  personnel  have  shown  that  the  chance  of  target  detection  at  range 
R  then  becomes 

P{R\Rm)  =  1  -  exp{  —  [Km/ (27?*) J ( \/ R}m  -  R'/R\  +  (l/R)  arctan  (y/R*„  -  R*/R*)\) 

(27-20) 
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where  the  coefficient  K ’ — expressed  in  cubic  meters — depends  on  the  radar,  and  may  be  determined 
experimentally  or  perhaps  from  applicable  theory.  In  the  case  of  the  S/A  ratio  depending  on  the  in¬ 
verse  fourth  power  of  range  as  in  Eq.  27-1,  the  chance  of  target  detection  falls  off  very  rapidly  as  com¬ 
pared  to  the  inverse  square  law.  The  sharp  differences  are  indicated  in  Fig.  27-8.  In  spite  of  such  a 
rapid  drop  for  the  inverse  foutth  power  law,  most  radars — and  air  search  radars  in  particular — can 
operate  at  very  high  power  with  high  gain  antennas  so  that  their  detection  capability  is  not  so  much 
limited  by  this  sort  of  range  dependency  as  by  the  truncation  imposed  by  the  radar  horizon. 

The  principles  examined  so  far  are  adaptable  to  almost  any  kind  of  sensor,  provided  its  dependency 
on  range  is  known,  even  approximately.  Moreover,  the  analyst  must  frequently  be  satisfied  with  first 
order  approximations  because  more  exact  information  is  hardly  ever  available.  The  lateral  range  curve 
may  be  viewed  as  an  intermediate  analytical,  though  perhaps  not  as  an  overall,  measure  of  system 
detection  capability.  The  system  with  the  “highest”  lateral  range  curve  would  ordinarily  be  the  one 
selected,  depending  on  perhaps  other  overpowering  considerations. 

The  most  comprehensive  and  authoritative  current  work  on  search  theory  is  that  of  Stone  (Ref.  8). 

27-3.2  RANDOM  SEARCH 

Koopman  (Ref.  7)  also  covers  the  case  of  random  search  in  some  area  A  of  interest  in  combat.  To 
determine  chances  of  detection,  the  following  assumptions  are  made  (Ref.  7): 

1.  The  position  of  the  target  is  assumed  to  be  uniformly  distributed  in  A. 

2  The  observer’s  path  is  random  in  A  in  the  sense  that  it  can  be  thought  of  as  having  its  different 
(not  too  near)  portions  placed  independently  of  one  another  in  A. 


Figure  27-8.  Comparison  of  Inverse  Square  and  Inverse  Fourth  Law  Lateral  Range  Curves 
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3.  On  any  portion  of  the  path  which  is  small  relatively  to  the  total  length  of  path,  but  decidedly 
larger  than  the  range  of  possible  detection,  the  observer  always  detects  the  target  within  the  lateral 
range  W/2  on  either  side  of  the  path  and  never  beyond. 

Now  consider  an  effective  searchvvidth  W  and  the  total  length  of  the  observer’s  path  (or  distance  of 
the  sensor)  covered  in  area  A.  If  the  length  L  of  the  path  of  search  is  divided  into  n  equal  portions  of 
length  L/rt,  then  the  chance  that  along  all  of  L  there  will  be  no  detections  is 

1  -  p  =  [1  -  WL/{nA))*  (27-21) 

and  hence  the  probability  of  detection  of  the  target  is  simply 

p  =  1  -  (1  -  WL/{nA))H  *  1  -  exp (-WL/A)  (27-22) 

for  n  sufficiently  large.  Thus,  we  arrive  again  at  the  exponential  type  of  probability  law,  and  the  reader 
may  note  the  close  similarity  of  Eq.  27-22  to  the  coverage  functions  of  Chapter  20. 

If  the  region  swept  out  consists  of  a  straight  line,  or  a  path  with  practically  no  bending,  then  the 
total  area  swept  is  WL  and  the  chance  of  the  target  being  within  this  region  is 

p  ~  WL/A.  (27-23) 

Fig.  27-9  indicates  the  relative  d:fTrrence  between  Eqs.  27-23  and  27-21. 

In  case  there  is  a  target-observer  relative  speed  v  then  the  chance  of  detection  in  time  t  corresponding 
to  Eq.  27-22  becomes 

p(t)  =  1  -  exp(—  Wvt/A).  (27-24) 


Figure  27-9.  Detection  Probability  as  a  Function  of  Search  Effort 
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For  this  case  of  “exponential-saturation”,  Koopman  (Ref.  9)  develops  a  theory  for  the  optimum  dis¬ 
tribution  of  searching  effort,  and  gives  a  very  clever,  useful,  and  rather  simple  graphical  approach  as 
the  solution.  He  assumes  the  probabilities  of  the  target  being  in  various  positions  are  known  w  ith  suf¬ 
ficient  accuracy  for  the  particular  case  where  the  target  searched  for  is  a  point  on  a  line  (the  x-axis  or 
range  /?,  say).  Then  he  plots  the  natural  logarithm  of  the  chance  of  detection  as  a  function  of  the  range 
and  draws  a  horizontal  line,  keeping  it  always  parallel  to  the  x-  or  tf-axis  until  the  area  above  the  line 
and  under  the  curve  has  a  value  equal  to  the  total  available  searching  effort.  Then,  finally,  the  search 
should  be  made  along  the  ground  only  for  those  intervals  above  which  the  drawn  curve  (natural 
logarithm  of  detection  probability)  has  peaks  above  the  effort  line. 

F.  I.  Hill  (Ref.  10)  shows  that  for  objects  on  the  terrain  the  probability  of  detection  within  time  t  of  a 
target  of  presented  area  A  lying  on  the  terrain  is  determined  by  the  area  rate  of  search  rAlbV  of  the  area 
of  uncertainty  Au  where  rAlbt)  is  the  visual  rate  of  search  for  the  target  under  background  b  at  lighting 
level  I.  In  fact,  the  chance  of  detection  is  expressed  as 

p{t)  =  1  -  exp[-rW/zU.  (27-25) 

Hill,  also  indicates  that  the  search  rate  rMbt)  can  be  scaled  directly  with  the  presented  area  of  the 

target — i.e.,  for  constant  background  and  lighting  and  target  areas  Ax  and  A, — then 

=  rM(At/Al).  (27-26) 

For  n  observers,  then  it  is  easy  to  see  that  the  chance  of  detection  in  time  t  becomes 

pit)  =  1  -  t\p[-nrMbl)t/  Aa\  (27-27) 

as  the  rate  of  search  is  effectively  increased  from  rAlbt)  to  nrAtbt).  In  his  Table  2,  Hill  (Ref.  10)  gives  some 
search  rates  for  the  unaided  eye  (field  of  view  of  62  deg)  and  7X50  binoculars  (field  of  view  of  7.23  deg) 
when  searching  for  trucks,  jeeps,  and  man.  He  also  gives  search  rates  from  a  tank  for  these  targets. 

EXAMPLE  26-1: 

Suppose  an  observer  with  binoculars  is  searching  from  a  tank  for  a  truck  of  presented  area  160  ft*  in 
moonlight.  Then  for  an  area  of  uncertainty  of  4900  m*,  what  is  the  chance  of  detection  of  the  truck  in  • 
5  s? 

We  have  Au  =  4900  m*,  t  =*  5  s,  and  rMbt)  »  1805  m*/s,  the  latter  figure  being  taken  from  Hill’s 
Table  2,  Ref.  10. 

Hence, 

pit)  *  piS)  -  1  -  exp  [ — 1 805 (5 )/4900J  »  0.52. 


Larsken  (Ref.  1 1)  studied  the  impact  of  mine  warfare  on  combat  mobility,  and  converted  Hill’s  Eq. 
27-27  to  the  chance  of  tanks  on  the  move  detecting  surface-laid  mines.  He  indicated  that  the  chance  of 
detecting  mines  from  n  tanks  is  approximately 

pid)  •  \  -  txp[-H0nA/iWV)]  (27-28) 
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where 

n  =  number  tanks  searching  for  mines 
A  =  mined  area,  m: 

W  =  width  of  path  searched,  m 
V  =  tank  speed,  m/s 

430  =  coefficient  in  units  of  reciprocal  seconds. 

Larsken  also  discusses  a  comparison  of  the  theory  with  experiments  in  Ref.  11. 

27-3  J  SOME  RELATED  INVESTIGATIONS  OF  SEARCH  THEORY 

Danskin  (Refs.  12  and  13)  discusses  the  theory  of  reconnaissance  and  search  from  the  standpoint  of 
information  theory  or  the  objective  of  information  gain. 

Dobbie  (Ref.  14)  gives  a  very  useful  survey  of  topics  in  search  theory  until  1968,  and  Pollack  (Ref. 
15)  deals  with  the  problem  of  search  detection  and  subsequent  action,  and  discusses  interface  prob¬ 
lems.  Pollack  indicates  that  one  should  consider  the  probability  of  false  alarms  while  searching.  If,  for 
example,  r  is  the  average  time  wasted  for  each  false  alarm,  and  the  false  alarm  rate  while  searching  is / 
(the  average  number  of  false  alarms  per  unit  of  time),  then  W  (the  sweepwidth  of  Eq.  27-24)  should  be 
replaced  by  W',  i.e., 

W'  =  W/{\  +  Jr).  (27-29) 

An  excellent  set  of  references  for  further  study  is  also  given  by  Dobbie  (Ref.  14)  and  Pollack  (Ref.  15). 
Dobbie  extends  the  theory  of  search  problems  with  false  contacts  in  Ref.  16. 

Mela  (Ref.  17)  points  out  that  information  theory  and  search  theory  should  be  regarded  as  special 
cases  of  the  more  general  theory  of  statistical  decisions  and  gives  examples  to  back  his  point. 

27-4  SEARCH  STRATEGIES 

A  very  important  area  of  investigation  in  search  considerations  and  related  theory  is  related  to  op¬ 
timal  strategies  of  search  in  order  to  detect  targets.  This  problem  was  mentioned  briefly  in  par.  27-3.2 
in  connection  with  the  contributions  of  Koopman  (Ref.  9). 

An  observer  often  is  interested  in  determining  which  of  several  regions  should  be  searched  for  the 
problem  of  target  detection.  Blackwell  and  Ross  (Ref.  1 8)  have  considered  the  problem  of  an  object 
hidden  in  one  of  m  boxes  and  how  best  to  search  for  it.  For  our  application  here,  we  might  consider 
dividing  the  terrain  into  some  m  regions  in  which  we  are  required  to  locate  a  target.  If  the  cost  (or  the 
effort  expended)  of  searching  region  i  is  equivalent  to  ct  dollars,  and  the  chance  of  finding  the  target  is 
a,  if  it  is  in  region  t,  then  for  prior  probabilities  pi  that  a  target  is  hidden  in  region  i  the  optimal  strategy 
is  to  search  only  in  that  region  which  has  the  largest  ratio 

ottpt/ci.  (27-30) 

Of  course,  the  quantities,  ait  pt,  and  cit  must  be  estimated  with  whatever  information  may  be  available. 
Based  on  Bayes  theorem,  one  may  often  have  to  take  the  pt  as  being  equal. 

One  begins  to  see  that  in  the  various  strategies  for  searching  it  is  likely  that  he  must  get  involved 
rather  deeply  with  subjective  probabilities!  (See  Stone,  Ref.  8.) 

Cameron  and  Narayanamurthy  (Ref.  1 9)  studied  efficient  policies  for  a  search  in  which  it  is  desired 
to  locate  a  point  in  an  interval  with  uniform  a  priori  probability  density  by  repeated  application  of  a  test 
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to  determine  whether  the  point  lies  to  the  left  or  right  of  the  “test”  point  with  different  associated  costs 
or  efforts.  To  illustrate,  consider  that  in  one  direction  (on  a  line)  we  are  interested  in  a  search  in  an  in¬ 
terval  of  length  x0,  and  desire  to  search  the  interval  at  test  points  until  the  last  search  or  test  poin  .  *s 
within  one  unit  of  the  “target”  point.  Suppose  further  that  the  “right”  and  “left”  are  des:  u'.ted  so 
that  the  cost  of  testing  (or  the  effort  expended)  is  1  if  the  target  point  lies  to  the  left  and  the  cost  of 
testing  is  k  >  1  if  it  is  to  the  right.  Then  Cameron  and  Narayanamurthy  show  that  a  sv  -primal  policy 
is  to  test  at  the  point  that  divides  the  interval  x0  in  the  ratio 

r  =  a/(  1  -  a)  (27-31) 

where  a  is  determined  from 

a*  +  a  =  1.  (27-32) 

For  iteration,  the  reader  should  consult  Ref.  19  for  more  details,  and  also  the  optimum  search  method, 
although  on  some  practical  grounds  Eq.  27-31  might  be  adequate. 

Pollack  (Ref.  20)  develops  a  model  for  the  search  of  a  moving  target  that  moves  between  two  regions 
in  a  Markovian  fashion,  i.e.,  involves  conditional  transition  probabilities  from  one  region  to  the  other. 
Discrete  amounts  of  search  effort  or  “looking”  may  be  allocated  to  one  of  the  two  regions  at  a  rime. 
Pollack  uses  a  dynamic  programming  technique  to  develop  equations  that  characterize  the  minimum 
expected  number  of  looks  to  detect  the  target,  and  the  maximum  probability  of  detecting  the  target 
with  a  given  number  of  looks.  Schweitzer  (Ref.  21)  also  studied  this  same  problem  of  minimum-search 
policy.  In  Ref.  21,  Schweitzer  presents  a  fairly  simple  recursive  procedure  for  calculating  the 
“threshold”  probability  which  is  used  to  determine  which  region  to  search  next.  Again,  one  gets  rather 
involved  in  subjective  probabilities,  and  any  information  indicating  chances  concerning  the  where¬ 
abouts  of  the  target  may  be  very  important  and  useful  in  such  problems. 

Tognetti  (Ref.  22)  discusses  the  concept  of  “whereabouts  search”  and  indicates  that  the  best 
strategies  for  target  “detection  search”  on  one  hand  and  “whereabouts  search”  on  the  other  are  not 
the  same.  In  “detection  search”,  one  wishes  to  maximize  the  chance  of  detecting  the  target  using  a 
search  strategy  which  has  a  limited  cost,  budget,  or  effort.  For  a  “whereabouts  search”,  however,  the 
primary  objective  is  to  maximize  the  probability  of  correctly  stating  which  region  the  target  is  in  after 
conducting  a  search  of  a  given  cost  or  effort — and  usually  having  been  unsuccessful  in  finding  the 
target.  The  “whereabouts  search”  is  more  of  a  reconnaissance  type  mission,  so  to  speak.  In  Ref.  22, 
Tognetti  discusses  optimal  strategies  for  a  "whereabouts  search”.  Kadane  (Ref.  23)  generalizes  the 
work  of  Tognetti  and  shows  that,  once  some  box  (region)  has  been  chosen  to  be  guessed,  the  optimal 
“whereabouts  search”  is  an  optimal  detection  search  involving  ail  the  other  regions. 

Finally,  for  our  account  of  search  strategies  here,  we  return  to  the  case  of  the  continuous,  sweeping 
type  of  search  of  an  area.  Instead  of  the  assumption  of  a  fixed  width  of  path  (sweep)  searched  by  a  sen¬ 
sor,  Richardson  and  Belkin  (Ref.  24)  in  a  paper  on  “Optimal  Search  With  Uncertain  Sweep  Width” 
allow  for  the  treatment  of  path  (sweep)  width  as  a  random  variable.  They  indicate  in  this  connection 
that  path  widths  for  target  sensors  are  always  subject  to  testing  errors  and  the  conditions  of  search 
may  lead  to  randomly  varying  path  widths.  This  leads  to  their  assumption  of  a  gamma  prior  path- 
width  distribution.  In  other  words,  the  path-width  distribution  is  assumed  to  follow  a  gamma  proba¬ 
bility  density  function  g 

g{W,a,p)  -  Wp~la'&x\t(-~aW)/Y{v) 


(27-33) 
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where 

W  =  width  of  path  (sweep)  searched  by  sensor 
a  =  scale  parameter  reciprocal 
v  —  shape  parameter. 

The  mean  of  the  distribution  is 

E{W)  =  v/a  (27-34) 

and  the  variance  is 

Var  (W)  =  v/a2.  (27-35) 

Hence,  we  note  that  if  we  have  an  estimate  of  the  mean  path  width  and  its  variance,  we  can  fit  the  two- 
parameter  gamma  density,  Eq.  27-33.  If  we  further  assume  that  the  target  is  likely  to  be  uniformly  dis¬ 
tributed  in  the  area  A,  then  Richardson  and  Belkin  (Ref.  24)  show  that  the  optimal  (maximum  probn 
ability  of  detection)  search  procedure  m*  is  to  allocate  the  total  search  effort  such  that  the  track  length 
per  unit  area  over  the  region  searched  is 

m*  =  ut/A  (27-36) 

where 

u  -  the  constant  search  speed 
t  =  time  allowed  for  the  search 
A  —  area  of  interest  in  which  the  target  is  located. 

In  this  case  of  optimal  searching  the  (maximum)  chance  p(t)  of  detecting  the  target  in  time  t  is  shown 
,  to  be 

p(t)  -  1  -  [1  +  ut/iaA )]-'  (27-37) 

*  1  -  exp[— vut/iaA)) 
for  suitably  large  areas  A. 

The  expected  time  E(t)  to  detect  the  target  for  the  uniform  prior  distribution  (Ref.  24)  turns  out  to 
be 

E(t)  =  aA/[u(v  —  l)j  ,  v>\  (27-38) 

but  is  infinite  if  0  <  v  ^  1. 

Richardson  and  Belkin  (Ref.  24)  also  cover  the  case  of  the  target  location  following  a  bivariate  nor¬ 
mal  probability  distribution,  which  is  more  complex.  They  also  compare  their  optimal  search  plans 
with  Koopman’s  (Ref.  9).  Belkin  (Ref.  25)  extends  further  the  research  of  Richardson  and  Belkin  (Ref. 
24)  on.  the  gamma  sear'  n  plans. 

Stone’s  book  (Ref.  8)  is  recommended  as  the  best  available  overall  current  reference.  —  ' 
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27-5  OTHER  APPLICATIONS  OF  SEARCH  STRATEGIES 

The  reader  should  realize  that  the  use  of  optimum  search  strategies  is  not  limited  to  target  detection 
problems.  In  fact,  there  are  many  other  Army  applications,  and  one,  for  example,  has  to  do  with 
locating  faults  or  the  causes  of  failure  in  a  complex  system  (Refs.  26  and  27). 

27-6  ESTIMATION  OF  TARGET  POPULATION  DENSITY 

We  round  out  this  chapter  with  an  important  and  useful  statistical  estimation  procedure  for  deter¬ 
mining  the  total  number  of  target  elements,  or  their  density  given  an  area  of  occupation,  along  with  a 
technique  for  estimating  the  chance  of  seeing  a  target  element. 

Let 

p  =  the  unknown  chance  of  seeing  or  detecting  a  target  element 

n  =  the  unknown  number  of  target  elements  present. 

Now  from  a  series  of  trials  on  several  occasions,  or  with  several  sensors,  we  calculate  the  mean  number 
x  of  elements  detected  and  the  variance  s*  of  the  number  of  elements  seen.  The  resulting  data  are 
binomially  distributed  if  p  and  n  are  fairly  constant  from  trial  to  trial.  Hence,  the  true  average  number 
H  of  target  elements  detected  per  trial  is  approximately  equal  to  the  total  number  of  elements  in  the 
target  multiplied  by  the  (unknown)  chance  of  detecting  an  element,  i.e., 


M  =  np. 


(27-39) 


Furthermore,  for  the  binomial  .distribution  we  have  that  the  true  variance  is 

<r2  =  npq  (27-40) 

where 

q  =  1  —  p  -  chance  of  not  seeing  an  element. 

Now  clearly  x  is  an  estimate  of  ft,  and  r*  is  an  estimate  of  v*.  But  we  note  that 

a2/ ft  =  npq/fnp )  =  q.  (27-41) 

Thus  q  the  chance  of  not  seeing  a  target  element  may  be  estimated  from 

q  -  s*/x  (27-42) 

and  p,  the  chance  of  detecting  an  element,  from 

p=\-q  =  \-  s*/x.  (27-43) 

Finally,  to  estimate  the  total  number  of  target  elements  n,  we  may  use  Eq.  27-39  or  Eq.  27-40,  i.e.,  from 
Eq.  27-40  we  see  that  for  the  estimate  of  n  we  have 

n  =  x/p.  (27-44) 

For  general  probability  calculations,  the  normal  approximation  to  the  binomial  distribution  may  be 
used  satisfactorily  here — see  almost  any  standard  textbook  on  statistics. 
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27-7  SUMMARY 

We  have  covered  some  of  the  important  physical  phenomena  applicable  to  target  detection  sensors 
for  Army  applications.  Also,  we  have  introduced  some  of  the  analytical  techniques  which  aid  in 
calculating  chances  of  target  detection  for  various  situations,  and  have  covered  some  of  the  basic  type 
strategies  for  searching  regions  in  which  targets  may  be  located.  The  interested  analyst  should  consult 
the  references  and  bibliography  for  further  information  on  search  and  detection. 

Due  to  security  classification,  we  have  not  covered  the  characteristics  and  detection  capabilities  of 
particular  Army  sensors.  Nevertheless,  the  analyst  responsible  for  any  given  applications  naturally  will 
have  the  required  clearance  for  pertinent  classified  data  he  will  use  in  his  evaluations. 
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CHAPTER  28 

INTRODUCTION  TO  COMBAT  THEORY  AND  ITS  APPLICATIONS— 

HOMOGENEOUS  FORCES 

t  :n:»  .  .")/•  n  rtf’*  ml  attemp  fj  ; .  ’’'.■■xiti  and  .urnman^*  tuo-‘i^*d  'in*7ut  m  We*  /A.jf  - 

•;,an  m /•,  *■/  ,i»;.  .n./-  >u  frrt» .  ’hr  mawr  vitntiHa^U  pa’iarnttn <  (.-/mPat  l/unn  t*  app-ifd  >"m  i  • 

•i»ar«  -  r-'j.v;.':  /*i  f'r  »■'  /  -if-;  .•<-  M'  *»a.V  o*  orqam^ali'mi  //w.  u *  fire  an  a<c>un)  ■>*  .'A/ 

l,an<h*  If  l.wi*  I  jvi  •  ■»  /!"•?  anti  a’ta  Vc  tk*  IxaruhnUr  Squat*  lau  tk*  ftusmiia  It 'a*  fan  mnd*l.  ana  p*-~ 
,**J  v/»  :»an- pr'-’i^u it\*  and  <kane*\  '4  u  atmvj  S*m*  afip*'*uh*i  to  bah  driffninutw  and  itarhaita. 

•  ,t  >.,#*■;  ^t~,t->u  •>■<,  i'/  at  ri  ipti  alth'Ai^b  tk*  rfadrr  «*!<n  rau/i  i«  ;<**>#  cmpluationi  ni  drunhinf 
,/j,  ,w'n  Pte  />»•  »•*"*  .  if,  ■  omp;*t*  ‘tfothadu  t’taftnmt  t.i*m*niar\  <**»*<*'  ?Aem  :«*/»♦«  4»//  ra/<r  and  num- 
•V».  jf ’I  tap"’,  r.  **■’  ■" nnr.  tl <  >r  Co  >>  V»*ti.  on  /o*  ^  virfe  ItV  dt;t!  p  a  numb*'  it  txampln  to  iltuil’al*  to  mm* 
t\tn:  in*  ■j*'*~rr’n<:t  and  tk*  t  «ha  tu  m-dtU  a* in  tkol  th*  anah  a  nwt  p”*t*d  tu  mor*  mtojitd  application, 
o’  tjo-ndtd  'inliil  m<t}ti.  a  fic.fd  to  'tnn(  afotmt  onh  paint*  .a'(*ti  hnatS .  u*  duntu  a  n*n  tormui  Ji"n 
oa*d  on  ta’ftl  ki.  '  It".* 

28-0  LIST  OF  SYMBOLS 

irnt  see  Mann.  Ref  24 or  Table  2*-*; 

*  srv.aJ  area 

•I,  tn'at  area  or*  upied  by  Red  force*  or  fuerrilla* 

.f*  accr  i*r  area  or*  up  ied  bv  one  member  of  the  Red  forte 
.4,,  -  vj,t>r-r4bie  area  of  ail  th«*  Red  force*  in  the  battle 
.4,»1  =•  v  tilrvrabie  area  of  ooe  member  of  the  Rrd  forte 

H  H  :  ~  number  of  Blue  combatant*,  kev  element*,  or  weapon  tvjumt,  etc  .  at  an\ 
t. me  .*  after  the  vtart  of  tbe  battle 
A/f  “  email  <  l.anfe  in  Blue  number* 

<  B.R  ~  ■  date'  t>(  ft  Blue*  and  R  Red* 

B,  m  Blue  forte  »ire  at  the  end  of  the  battle 
B,  *  Biuf*  at  it|.  time  interval 

B .  3  B  «»*  .*  nut  tal  «/e  of  Blue  force  at  the  (tart  of  a  battle 
B*  R*  3  Softie  cutoff  point*  for  Blue  and  Red.  retpeetivefy 
B'  ti  f  demattve  of  Blue  with  retpert  to  time 
f  t  -  (oratatrf*  , 

-  coefficient  Ve  Mann.  Ref  24  or  Table  28*8) 

«  comtant  *  R ,  -  \p/<2jS) jff{  ( Eq  28*  107) 

Cf  “  <  on* t ant  •  \0/(2B)jBf  -  R,  (Eq  2»*l  14) 

FxB.R.t)  “  function  of  tl»e  number*  of  Blue*  and  Red*,  and  the  tun*  t 
p'(t)  "  function  of  time 
F{t)  *  rate  ot  troop  replace.nent  for  the  L'  S. 
fUm)  •  cumulative  dutribution  function  at  nuMion  time  tm 
/(i)  »  pdf  vi  tune  I 
//*  *■  null  hypothesi* 
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//*  =•  alternative  hvpotnests 

/,(  \  zi  '  Karl  Pearson's  incomplete  beta  function  (Eq  28-82) 

A\  =  ^23l.\/p  ~  a  constant  Eq.  2S-|d6; 

A*  =  VW71  -  a  constant  tEq  28-1 13) 
k  =  constant  -  1 . 0.  or  +  1 
P  H  R  -  chance  of  Blue  winning  the  battie  over  Red 
T  -  P  B.Rt  =  chance  of  Red  winning  the  battle  over  Blue 

p,  =  chance  that  first  casualty  after  time  /occurs  for  Blue 
pti  -  chance  of  Blue  losing  an  individual  engagement 
/>*  *  single-shot  kill  probability 

pKa  -  average  kill  probability  per  shot  for  a  Red  weapon  against  Blue 
Pn  =  chance  that  first  casualty  after  time  /  occurs  for  Red 
pnhi  =  chance  of  Red  hitting  Blue 
*>nik\h)  =  chance  of  Red  killing  Blue  given  a  hit 

pm  =  chance  of  Red  losing  an  individual  engagement 
R  -  Ryt)  *  number  of  Red  combatants,  key  elements,  or  weapon  systems,  etc.,  at  any¬ 
time  / 

A/f  =  small  change  in  Red  numbers 
R.  =  Red  force  size  at  the  end  of  the  battle 
R,  =  Reds  at  rth  time  interval 

/?.  -  RAh  *  initial  sue  of  Red  force  at  the  start  of  a  battle 
’  -  number  of  kills  tor  truncated  sample 
r»  *  rate  of  fire  of  a  Blue  weapon 
>  *  rate  of  fire  of  a  Red  weapon 
t  *  time  of  battle 
A/  “  *mall  change  in  time 

*  time  at  which  Blue  force  is  annihilated 
I,  ■*  tth  time  interval 
im  *  mission  time 

3  time  at  which  Red  force  is  annihilated 
*  -  B/R  *  farce  ratio  of  Blue  to  Red 
i  “  I.f  ,ln  foe  Blue  •  estimate  of  1/4*  •  (Table  28-6) 
a  *  shape  parameter  for  the  Weibull  distribution 
a  *  K’ptA/(XAt  i.  or  alternatively  a  shape  parameter 
1/A  *  If., In for  Blue  «*  estimate  of  WribuJl  parameter  l/«  (Table  28-6) 
ot  ■  pXj2  m  a  constant  (Eq  26-108) 
a,-  m  a constant  (Eq:  28-113) 

B  m  attrition  or  kill  rate  of  Blue  forces  by  lied  forces 
$  m  Weibull  scale  parameter 
BP*  m  fighting  power  of  Red  (Linear  Law) 

4RJ  "  fighting  power  of  Red  (square  Law) 

41/,  R.B)m  function  of  time.  Red  and  Blue  forces 
4/(4  ♦  #)  *  chance  of  a  Blue  kill  or  low 
\/0  •  Red  mean  time  to  kill  a  Blue 
1/4  *  estimate  of  1/4 
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y  =  T vpe  I  error,  or  chance  of  rejecting  Ht  when  true 
4  =*  shape  parameter  for  the  Weibull  distribution 
1/4  =  2f.',ln/,  for  Red  =  estmwe  of  Weibull  parameter  1/4  (Table  2H-8) 
ify  =  lower  y  probability  level  of  the  standard  normal  distribution 
ift-.  =  upper  9  probability  level  of  the  standard  normal  distribution 
9  -  1  /S  or  1  ip 
9  =  estimate  of  9 

9t  -  mean  time  to  kill  when  Ht  is  true 
9a  =  mean  time  to  kill  when  HA  is  true 
«  =  8Rt/'pBt)  =  ratio  of  fighting  power  of  Red  to  Blue 
A  =  (if,-*  —  pp-,)/\p-  1 )  *  parameter  used  in  Eq.  28-139 

(not  to  be  contused  with  exponential  distribution  parameter). 

1/A'.  1/A  =  means  of  exponential  distributed  rime  interval 
M  *  i9j9A)1  *  =  parameter  used  in  Eq  28-139 
9  =  Type  II  error,  or  chance  of  accepting  H,  when  HA  is  true 
p  2  attrition  or  kill  rate  of  Red  forces  by  Blue  forces 
I/p  *  Blue  mean  time  to  kill  a  Red 
p  *  Weibull  scale  parameter  also 
1  /4  *  estimate  of  1  /p 

pR%  *  fighting  power  of  Blue  (Linear  Law) 
pB!  *  fighting  power  of  Blue  (square  Law) 
p/S  =  attrition  ratio 
p/i.S  +  p)  *  chance  of  a  Red  kill  or  loss 

Xi  *  «th  percentage  point  of  the  cht-square  distribution.  (This  a  is  not  to  be  confused 
with  the  shape  parameter  a.  *  93%  point  of  chi-square  for  example.) 

XJ(2r)  *  chi-square  with  2r  degrees  of  freedom 
r  >sh  *  hyperbolic  cosine 
sinh  ”  hyperbolic  sine 
tanh  *  hyperbolic  tangent 

2S-1  HISTORICAL  BACKGROUND  AND  INTRODUCTION 


An  interesting  historical  sketch  of  the  work  of  Lanchester  on  combat  theory  is 
(Ref.  1 )  ip  the  Wmii  •/  Metkmtmtus,  which  we  quote  here.  “Frederick  William  Lanc|l 
brilliant  Englishman  who  died  in  1948  at  the  age  of  78.  Altluugh  Lanr better 
engineer,  he  was  interested  in  economic  and  industrial  problems,  the  theory  of  reiat 
ics,  fiscal  policies,  and  military  strategy.,  '^nchester  made  a  brilliant  analysis  of  the 
of  model  airplanes  in  1 897,  long  befc  there  were  real  airplanes  Hu  work  was  a  little 
the  dynamics  of  the  automobd  before  any  automobile  existed.  The  Physical 
declined  to  print  his  paper,  ►  .1  some  thirty  years  later  Lanchester  was  awarded  a 
the  Royal  Aeronautical  5\xiety.  Lanchester  was  also  one  of  the  foremost  pioneers 
design,  and  he  built  n  expo  internal  engine  in  1895  —probably  the  first  to  be  made 
Lanchester  automobile  was  put  into  production  in  1900.  It  was  an  outstanding  vehijc! 
period,  incorporating  then  many  unorthodox  and  advanced  feature*. 

“  Lanchester  was  one  of  the  first  to  recognize  the  extent  to  which  aircraft  would  alter 
warfare.  He  was  the  first  to  consider  the  matter  quantitatively  and  set  down  his  cone 


X 


iven  by  Newman 
Ihester  was  a  very 
was  basically  an 
ivity,  aerodynam- 
inherent  stability 
like  a  treatise  on 
iety  of  London 
medal  for  it  by 
df  the  automobile 
in  England.  The 
le  of  the  vintage 

the  character  of 
fusions  in  his  book 
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[Ref.  2J,  Aircraft  in  Warfare  The  Dawn  of  the  Fourth  Arm ,  which  consisted  mainlv  of  a  series  of  articles 
which  appeared  in  the  British  journal  Engineering  during  1914.  Lanchester  was  convinced  that  most 
of  the  important  operations  hitherto  entrusted  to  land  armies  could  be  executed  as  well  or  better  by  a 
squad  or  fleet  of  aeronautical  machines.  If  this  should  prove  to  be  true,  the  number  of  fiving  mac  hines 
eventually  to  be  utilized  by  any  of  the  great  military  powers  will  be  counted  not  by  hundreds  but  bv 
thousands,  and  possibly  by  tens  of  thousands,  and  the  issue  of  any  great  battle  w  ill  be  definitely  deter¬ 
mined  by  the  efficiency  of  the  aeronautical  forces.'  ” 

Lanchester’s  analysis  of  the  use  of  aircraft  in  warfare  led  him  to  be  one  of  the  first  to  applv 
mathematical  modeling  to  land  warfare.  Moreover,  it  was  Lanchester  who  showed  analytically  the  im¬ 
portance  of  the  concentration  of  firepower  in  battle  to  achieve  victory.  To  prove  hts  point,  Lanchester 
found  it  necessary  to  make  a  mathematical  analysis  of  the  relation  of  opposing  forces  in  battle  Under 
what  circumstances  can  s  smaller  army  (or  naval  fleet)  defeat  a  larger  one?  Can  a  mathematical 
measure  be  assigned  to  concentrations  of  firepower  and,  if  so,  can  equations  in  which  such  measures 
appear  be  set  up  to  describe  what  happens  and  what  may  be  expected  to  hapfien  in  military  engage¬ 
ments?  These  were  among  the  questions  he  considered  and  for  which  hr  devised  the  elegant 
Pythagorean  equation  later  described.  His  so-called  “n-square  law"  of  the  relative  fighting  strength  of 
two  armies  is  simple,  but  its  implications  are  not.  Scientists  engaged  in  operations  research  have  done 
a  considerable  amount  of  mathematical  work  to  draw  some  of  the  ror.sequencrs  from  lanchester 's 
equations.  However,  his  equations  are  not  ecogmzable  in  many  of  these  later  formidable  elaborations 
But  then  today  's  theories  have  become  so  elaborate  that  Mars  himself  would  not  recognize  them  and  it 
was  inevitable  that  mathematicians  would  have  to  advance  from  the  basic  theory  As  indicated,  much 
of  our  discussion  here  has  been  based  on  Newman's  article  (Ref.  1  >  on  Lant  Hester  in  the  World  of 
Matkematui. 

In  Lanchester  s  mathematical  theory  of  combat,  it  is  evident  in  reading  his  papers  that  his  primary 
interest  related  to  the  importance  of  concentration  of  forces  in  winning  battles  As  some  background 
for  studying  the  importance  of  concent  rat  ion.  we  quote  Lanchester  (Ref  2h 

.  .  In  olden  times,  when  weapon  directly  answered  weapon,  the  act  of  defense  was  positive  and 
direct,  the  blow  of  sword  or  battle-axe  was  parried  by  sword  and  shield;  under  modem  conditions  gun 
answers  gun,  the  defence  from  nfle-fire  is  tifle-fire,  and  the  defence  from  artillery  is  artillery  But  the 
defence  of  modem  arms  is  indirect :  tersely  ,  the  enemy  is  prevented  from  killing  you.  by  your  killing  him 
first,  and  the  fighting  is  essentially  collective.  .  .  Under  the  old  conditions  it  was  not  possible  by  any 
strategic  plan  or  tactical  maneuver  to  bring  other  than  approximately  equal  numbers  of  men  into  the 
actual  fighting  line;  one  man  would  ordinarily  find  himself  opposed  to  one  man.  Even  were  a  General 
to  concentrate  twice  the  number  of  men  on  any  given  portion  of  the  field  to  that  of  the  enemy,  the  num¬ 
ber  of  men  actually  wielding  their  weapons  at  any  given  instant  (so  long  as  the  fighting  line  was  un¬ 
broken),  was  roughly  speaking  the  same  on  ooth  sides". 

Thus,  the  situation  here  is. that  the  assumption  is  made  that  man  fights  man  in  an  engagement  and 
then  the  winner  goes  on  to  fight  another  of  the  opposite  side.  The  outcome  of  the  individual  combat  de¬ 
pends  on  the  skill  of  one  individual  versus  the  one  he  fights  in  a  single  engagement ;  furthermore,  on  an 
overall  basis  each  side  has  an  effective  average  attrition  rate  against  the  other.  There  is  no  concentra¬ 
tion  of  a  relatively  large  number  of  individuals  on  one  side  versus  a  much  smaller  number  on  the 
other — the  principle  of  concentration  of  forces  is  not  in  effect — and  the  fighting  line  remains  unbroken, 
to  to  speak.  This  type  assumption  leads  us  to  the  "Linear  Law". 
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28-2  LANCHESTER’S  FIRST  LINEAR  LAW  (DIRECT,  AIMED  FIRE) 

In  this  case,  Blue  fights  Red  in  individual  combats  or  single  man-vs-man  or  weapon-vs-w  capon  type 
engagements,  and  the  attrition  rate  for  each  side  averages  out  to  a  constant  figure.  We  have  here  the 
“Horatio-at-the-Bridge"  analogy,  or  “Three  Musketeers”  taking  on  a  larger  size  enemy  but  in  in¬ 
dividual  engagements,  one  at  a  time  (for  example,  fighting  on  a  narrow-bridge  or  on  stairs  or  in  a 
hallway,  etc.)  For  Lanohester's  first  linear  law  we  define  the  following  parameters: 

H  ~  Bit)  =  the  number  of  Blue  troops,  or  weapons,  or  systems,  i.e.,  the  size  of  the  Blue  force 
at  any  time » 

R  =  R(t)  -  the  number  of  Red  troops,  or  weapons,  or  systems,  i.e..  the  size  of  Red  force  at 
anytime/ 

Be  -  R{ 0)  -  initial  size  of  the  Blue  force,  i.e.,  number  of  Blue  combatants  (or  weapons)  at  time 
i  -  0 

Ra  =  R( 0)  -  initial  size  of  the  Red  force,  i.e.,  the  number  of  Red  combatants  (weapon  systems) 
at  time  t  —  0 

0  =  the  constant  rate  at  which  Blue  forces  are  attrited  by  Red,  or  the  number  of  Blue  forces 
lost  per  unit  of  time 

By  way  of  further  explanation,  0  is  Red’s  kil)  rate  against  Blue  forces.  In  accordance  with  Chapter 
17  on  duels,  for  example  0  may  be  taken  as  the  product 


0  =  pn(h  )»p„{k  (A)v* 


(28-1) 


where 

pn(h>  =  chance  of  Red  hitting  Blue 
pK(k  ;  h 1  =  chance  of  Red  killing  Blue  given  a  hit 
r„  -  rate  of  fire  of  Red  weapons. 

The  quantity  \/0  is  Red's  mean  time  to  kill  Blue,  and  hence  may  be  estimated  from  the  mean  kill  times 
of  Blue  in  a  simulation  or  war  game. 

Finally,  we  define 

p  »  the  corstant  rate  at  which  Red  forces  are  attrited  by  Blue. 

We  note  that  the  kill  or  attrition  rates,  0  and  p,  do  not  change  for  any  engagement  of  one  Blue  versus 
one  Red  at  a  time  during  the  battle. 

Then  with  these  definitions,  Lanchester's  first  Linear  Law  may  be  written  as 


t,  0,  p  ^  0;  B%  «£  A  and  R»  2  R 


(28-2) 


(28-3) 


In  this  case,  the  solution  of  the  equations  is  very  simple  and  we  may  integrate  directly  to  find 


Bt  -  B  -  0i  or  B  -  A.  -  0t 


(28-4) 
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Ro  —  R  =  pt  or  R  =  Ra  —  pt  (28-5) 

for  any  time  t. 

These  equations  are  used  primarily  to  describe  the  “homogeneous”  case  of  very  similar  weapons  on 
a  side. 

We  also  call  attention  to  the  fact  that  a  solution  independent  of  the  time  t  can  easily  be  found,  either 
by  eliminating  /  in  Eqs.  28-4  and  28-5,  or  obtaining  a  solution  in  B  and  R  by  taking  the  ratio  of  Eq.  28- 
2  to  Eq.  28-3.  Thus,  it  is  easily  seen  that 

dB 

=  0/p  leads  to  pdB  =  0dR  (28-6) 

an 

and 

p(B  +  Ct)  •  0(R  ■+  Ct).  (28-7) 

But  when  t  =  0,  we  have 

p(B0  +  C.)  =  0(Ra  +  Ct)  (28-8) 

and  upon  subtracting  Eq.  28-7  from  Eq.  28-8,  we  have  finally  that 

p(B9  -  B)  =  0(R,  -  R)  always.  (28-9) 

Eq.  28-9  is  known  as  the  “state”  equation. 

If  we  put 

u  *  B/R  (28-10) 

which  is  the  force  ratio  of  Blues  to  Reds  at  any  time  t,  then  the  “force  ratio”  equation  is  easily  seen 
from  Eqs.  28-4  and  28-5  to  be 

«  -  (B,  -  0t)/ (R,  -  pt)  (28-11) 

or  the  rate  of  change  of  the  force  ratio  a  is 

J$  •  (pBt  -  0R.)/(R,  -  pt)'.  (28-12) 

The  quantity  pB*  which  is  equal  to  the  attrition  rate  of  Red  forces  multiplied  by  the  initial  number 
of  Blues,  has  been  referred  to  as  the  “fighting  power”,  or  total  (initial)  killing  power  of  Blue.  In  a  like 
manner  £'A«  >s  the  fighting  or  killing  power  of  Red.  When  the  initial  fighting  power  of  Blue  is  greater 
than  that  of' Red,  we  have 

pBP  >  0Rp  or  pB,  -  0R,  >  0  (28-13) 


1 
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which  implies  that 

pB  >  /(?/?  always  (28-14) 

and  hence  that  Blue  wins.  In  this  case,  when  Red  has  lost  all  its  troops,  we  have — e.g.,  from  Eq.  28-9 — 
that  the  remaining  number  of  Blues  B ,  is 

B  =  Bt  =  (pB0  -  0Ro)/p.  (28-15) 

On  the  other  hand,  if 

.  0Ro  >  pB0  or  0RO  ~  pB0  >  0  '  (28-16) 

then  Red  has  the  fighting  power  advantage  and  wins  with 

R  =  Rt  -  (J3Ro  ~  pBJ/fi  (28-17) 

combatants  (weapons)  remaining. 

Finally,  if  pB„  -  /3R*  then  we  have  parity  and  annihilation  occurs  for  both  sides!  So,  why  even 
fight? 

Lanchester  referred  to  the  Linear  Law  as  “ancient  conditions”,  indicating  that  if  concentration  of 
forces  cannot  be  effected,  then  the  battle  consists  of  only  man-vs-man  engagements,  the  fighting  line 
remains  unbroken,  encirclement  does  not  occur,  etc.  In  fact,  such  might  well  be  the  case  in  some  situa¬ 
tions  of  battle.  For  the  Linear  Law  and  the  case  of  equal  attrition  coefficients,  Lanchester  gave  the 
following  example,  and  we  quote  him  (Ref.  2). 

“Taking  first,  the  ancient  conditions  where  man  is  opposed  to  man,  then,  assuming  the  combatants 
to  be  of  equal  fighting  value,  and  other  conditions  equal,  clearly,  on  an  average,  as  many  of  the  ‘duels’ 
that  go  to  make  up  the  whole  fight  will  go  one  way  as  the  other,  and  there  will  be  about  equal  numbers 
killed  of  the  forces  engaged;  so  that  if  1,000  men  meet  1,000  men,  it  is  of  little  or  no  importance 
whether  a  ‘Blue’  force  of  1,000  men  meets  a  ‘Red’  force  of  1,000  men  in  a  single  pitched  battle,  or 
whether  the  whole  ‘Blue’  force  concentrates  on  500  of  the  ‘Red’  force,  and,  having  annihilated  them', 
turns  its  attention  to  the  other  h  iff;  there  will,  presuming  the  ‘Reds’  stand  their  ground  to  the  last,  be 
half  the  ‘Blue’  force  wiped  out  *n  the  annihilation  of  the  ‘Red’  force  in  the  first  battle,  and  the  second 
battle  will  start  on  terms  of  equality — i.e.,  500  ‘Blue’  against  500  ‘Red’.” 

Nevertheless,  we  will  see  later  that  the  principle  of  concentration,  where  attrition  is  not  constant  and 
depends  on  the  number  of  opposing  forces,  will  indeed  lead  to  more  startling  results. 

To  determine  how  long  such  a  battle  lasts,  we  simply  need  to  determine  the  time  at  which  either  side 
is  annihilated.  If  Blue  wins,  i.e.,  Eq.  28-15  holds,  then  the  battle  lasts 

t  -  /typ  (28-18) 

units  of  time.  If  Eq.  28-17  holds,  and  hence  Red  wins,  then 

t  -  Bt/0  (28-19) 

as  would  be  expected. 


28-7 
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EXAMPLE  28-1: 

Twelve  Blue  riflemen  engage  12  Red  riflemen,  and  terrain  features  are  such  that  the  battle  consists 
of  one-vs-one  “duels”.  Blue’s  kill  rate  averages  one  Red  every  10  min,  and  Red  with  poorer  rifles  and 
less  marksmanship,  has  a  kill  rate  equal  to  one  Blue  lost  per  15  min.  Who  wins?  How  many  remain 
when  one  side  is  annihilated,  and  how  long  does  the  battle  last?  When  is  the  winner's  force  twice  the 
size  of  the  loser’s  force? 

We  have: 

B0  =  12 
R9  -  12 

0  =  0.067  Blue  kill/min 
p  =  0.1  Red  kill/min. 

Hence, 

B0p  =  ( 1 2)  (0. 1 )  =  1.2  and  Ro0  =  (12)(0.067)  =  0.8. 

Thus,  from  Eq.  28-13  Blue  wins  and  from  Eq.  28-15,  we  have 
Bt  =  (1.2  -  0.8)/ (0. 1 )  =  4 

Blues  remaining  when  Red  is  annihilated. 

The  battle  lasts,  using  Eq.  28-18, 

Ro/p  =  12/0.1  =  120  min. 

The  time  at  which  Blue  has  twice  as  many  combatants  as  Red  is  found  by  solving  Eq.  28-1 1  for  / 
when  u  -  2,  and  is 

t  =  90  min. 

As  a  summary  for  Lanchester’s  (First)  Linear  Law,  we  note  that  two-sided  conflict  is  involved,  that 
kill  rates  and  numbers  of  weapons  on  both  sides  are  accounted  for,  but  that  the  outcome  is  completely 
deterministic.  Chance  does  not  really  enter  into  battle  procedures  or  results  as  in  the  case  of  stochastic 
duels  (Chapter  17),  but  nevertheless  application  of  the  Linear  Law  brings  forth  the  concept  of 
“fighting  power’’  or  battle  capability,  and  hence  the  principles  studied  may  be  informative. 

The  chance  of  a  Blue  loss  or  kill  may  be  taken  as 

/V(Blue  loss)  -  0/(0  +  p)  (28-20) 

and  that  for  a  Red  as 

/V(Red  loss)  -  p/(0  +  p)  (28-21) 

‘•xcept  for  near  end  conditions. 


28-8 
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28-3  LANCHESTER’S  (SECOND)  LINEAR  LAW  FOR  AREA  FIRE 
(INVISIBLE  FIRING) 

The  relation  between  B  =  B{t)  and  R  =  R(t)  for  the  (first)  Linear  Law  actually  applies  to  a  much 
more  complex  situation  than  'he  constant  attrition  coefficient  case  for  direct  fire.  For  example,  con¬ 
sider  longer  range,  unaimed  fire,  concentrated  in  an  area  known  to  be  occupied  by  combatants  with 
the  size  of  that  a»ea  taken  to  be  rather  independent  of  the  numerical  value  of  the  force.  Thus,  the  attri¬ 
tion  rate  for  Blue  will  be  proportional  to  R,  the  number  of  Red  units  firing  at  Blue;  but  the  Blue  losses 
will  vary  also  with  density  of  Blue  troops  which  is  proportional  to  B(t),  the  number  of  Blue  troops  oc¬ 
cupying  its  zone  at  any  time.  Thus,  the  same  considerations  also  apply  for  Red,  and  we  have 


UUf 

dt 

=  -PRB 

(28-22) 

JR 

dt 

=  —pBR. 

(28-23) 

Since  dB/dR  still  equals  P/p  as  in  Eq.  28-6,  the  same  solution  (Eq.  28-9)  for  the  first  Linear  Law  still 
holds  with  the  more  complex  models  of  Eqs.  28-22  and  28-23.  Furthermore,  if  the  right-hand  sides  of 
Eqs.  28-22  and  28-23  were  even  some  common  complex  function,  F(B,  R,  t),  aside  from  the  cr.nttants  P 
and  p,  the  linear  solution  would  still  hold  as  in  Eq.  28-9. 

The  solutions  for  the  number  of  Blue  forces,  B  -  B(t)  and  the  number  of  Red  forces  R{t)  as  a  func¬ 
tion  of  time,  however,,  are  much  more  complex  than  in  Eqs.  28-4  and  28-S.  In  fact,  for  the  area  fire 
model,  we  have 


-Ro(x  -  l)cxp[— pB0(k  -  1)/] 
exp[-p£,(x  -  1)1]  -  k 


(28-24) 


and 


where 


R  = 


-/?#(*  -  1) 


exp[-p£,(x  -  1)/]  -  « 


,  for  any  time  t 


(28-25) 


(28-26) 


is  the  ratio  of  initial  fighting  power  of  Red  to  Blue. 

Note  here  that  in  terms  of  the  time  solutions  given  in  Eqs.  28-2%  and  28-25  we  have  that  the  Blue  to 
Red  force  ratio  at  any  time  t  is 


B  B 

-ft  “  -~-exp(-p£,(«  -  t)f)  (28-27) 

so  that  Blue  wins  when  «  *  PR%/ (j>B,)  <  1,  or  Blue  has  the  greater  fighting  power.  On  the  other  hand 
Red  wins  when  «  >  1,  or  Red  has  the  greater  fighting  power. 


28-9 
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For  parity,  B/R  =  Ba/Ra  =  P/p,  which  states  that  although  the  number  of  Blues  and  Reds  vary 
throughout  the  battle,  their  ratio  remains  constant  during  the  battle  for  this  area  fire  model  as  before 
for  direct  fire. 

Thus,  with  the  two  Lanchester  “linear”  type  laws,  we  have  one  for  “direct”  fire  or  one  vs  one  duels, 
and  the  other  for  area  fire  which  more  or  less  applies  to  artillery,  for  example. 

EXAMPLE  28-2: 

Blue  and  Red  engage  in1  an  artillery  exchange  with  1 8  Blue  artillery  pieces  firing  into  an  area  oc¬ 
cupied  by  18  Red  artillery  pieces  which  return  counter  battery  fire.  Blue’s  kill  rate  of  Red  artillery 
pieces  put  out  of  action  is  p  =  0.008  per  min  and  Red ’s  corresponding  kill  rate  of  Blues  is  /3  =  0.0 1  per 
min.  Who  wins,  and  how  many  Red  artillery  pieces  remain  to  fight  after  30  min? 

We  have 

B0  =  R0  =  18 
P  -  0.01 

p  »  0.008 

so  that  by  Eq.  28-26 

x  =  0Ro/(pBo)  -  1.25 


and  Red  wins. 

From  Eq.  28-25,  we  find  R  -  4.94,  i.e.,  Red  has  5  artillery  weapons  left.  (Blue  by  Eq.  28-24  has  only 
1.68  weapons  left.) 

28-4  LANCHESTER ’S  SQUARE  LAW 
28-4.1  PRELIMINARIES 

As  contrasted  to  the  Linear  Law,  Lanchester’s  Square  Law  seemed  to  fit  “modern”  fighting  condi¬ 
tions  better,  and  so  said  Lanchester  (Ref.  1): 

“With  modem  long-range  weapons — fire-arms,  in  brief— the. concentration  of  superior  numbers 
gives  an  immediate  superiority  in  the  active  combatant  ranks,  and  the  numerically  inferior  force  finds 
itself  under  a  far  heavier  fire,  man  for  man,  tlian  it  is  able  to  return.  The  importance  of  this  difference  is 
greater  than  might  casually  be  supposed,  arid,  since  it  contains  the  kernel  of  the  whole  question,  it  will 
be  examined  in  detail.” 

Lanchester  did  indeed  examine  this  type  of  question  in  much  detail. 

For  this  kind  of  warfare,  Lanchester  said,  “Each  man  will  in  a  given  time  score,  on  an  average,  a  cer¬ 
tain  number  of  hits  that  are  effective;  consequently,  the  number  of  men  knocked  out  per  unit  time  will 
be  directly  proportional  to  the  numerical  strength  of  the  opposing  force.”  (Ref.  2).  Hence  the  idea  of 
the  “Square”  law. 

In  the  Linear  Law  assumption,  each  of  tie  two  rates  of  attrition  was  a  constant  due  to  individual 
fighting  individual  always.  Now,  however,  a  commander  may  throw  a  large  force  against  a  smaller— or 
against  a  weak  part  of  the  battle  line — and  concehtrate,  as  if  were,  so  that  the  attrition  rate  depends  di¬ 
rectly  on  the  opposing  numbers  involved  in  the  battle  at  that  time.  In  view  of  this,  and  for  the  “Square 
Law”,  we  now  have  (compare  with  Eqs.  28-2  and  28-3) 


-0R, 


28-10 


(28-28) 
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and 

dR 

dt 


B  <,  B0,  R  <,  R0. 


(28-29) 


The  solution  of  these  differential  equations  for  the  Square  Law  is  still  relatively  simple  since  the 
variables  are  separable.  In  fact,  using  Eqs.  28-28  and  28-29,  we  see  that 

pBdB  =  0RdR  (28-30) 

which  on  integration  leads  to 

(p/2)  (5*  +  CV)  =  (0/2)  (R2  +  C2). 

But  at  time  t  =  0,  R  =  R0  and  B  =  fl0>  so  that 

(p/2)(Bl  +  Cx)  =  (0/2  )(RS;+  C2) 

and  upon  subtracting  Eq.  28-31  from  Eq.  28-32,  we  get 

p(Bl  -  B2)  =  B(Rl  -  R2)  (28-33) 

as  Lanchester’s  Square  Law  (compare  with  Eq.  28-9). 

The  initial  so-called  “fighting  powers  ”  of  Blue  and  Red  now  depend  on  the  squares  of  the  numbers  of 
Blue  and  Red  forces.  The  fighting  power  of  Blue  is  now  pB2  and  that  of  Red  is  0R2,  which  represents 
quite  a  gain  over  the  linear  laws.  If  pB ’  >  &RI,  so  that  Blue  has  the  advantage,  then  for  some  terminal 
Be ,  we  have 

p(Bl  -  B2)  =  0RS  (28-34) 

and  the  residual  Blue  force  as  a  result  of  the  battle  is  obtained  from 

B :  =  Bl  -  (0/p)Rl  ,  (28-35) 

when  Blue  wins  (compare  with  Eq.  23-15). 

Likewise,  if  pB 2  <  0R»,  then  Red  has  the  advantage  and 

pB\  =  B(R\  -  R2)  (28-36) 

so  that  (compare  with  Eq.  28-17) 

Rl  -  Rl  -  (p/B)Bl  (28-37) 

When  pB*  =>  0 Rl,  then  w t  nave  parity  and 
pB*  **  0R2  always. 


(28-31) 


(28,32) 


(28-38) 
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Then  B^/p  =  ±  R'/ft,  where  we  must  take  the  +  sign  since  B,  R,  ft,  and  p  are  all  positive  and  the  bat¬ 
tle  proceeds  along  a  “standoff”  line  going  into  the  origin  as  in  Fig.  28-1. 

For  a  battle  starting  off  the  standoff  line,  then  one  side  has  the  greater  fighting  power  and  wins,  the 
battle  proceeding  along  the  branch  of  a  hyperbola.  For  example,  if  Red  has  the  advantage,  the  battle 
goes  as  indicated  in  the  Fig.  28-1. 

Summarizing  and  confining  our  attention  to  the  first  quadrant,  if  the  battle  starts  at  a  point  just 
above  the  standoff  line,  Red  has  the  advantage;  while  Blue  will  win  for  conditions  of  the  initial  fighting 
power  starting  below  the  parity  (standoff)  line.  Furthermore,  the  greater  the  advantage  of  one  side,  the 
faster  annihilation  of  the  other  side  proceeds. 

When  ft  =  p,  we  have  perhaps  a  reasonable  assumption,  for  then  the  opposing  forces  are  tech¬ 
nologically  equal,  so  to  speak,  and  the  battle  depends  only  on  the  numbers,  i.e., 

Bl  -  B*  =  R$  -  R*  (28-39) 

or  we  have  always  that 

B*  -  R*  =  Bl  -  Rl 


*  =  yfeB 

Figure  28-1.  Graph  of  Square  Law 
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As  an  example,  let  Bt  =  1000  initial  Blue  forces  which  takes  on  two  successive  forces  of  500  Reds 
each.  For  =  p,  we  have: 

1st  Battle  (by  Eq.  28-35): 

B*  =  (1000)*  -  (500)* 

or 

Bei  -  866  Blue  remaining,  and  500  Red  lost. 

2nd  Battle: 

BU  -  (866)*  -  (500)* 

or  ' 

Bet  =  707  Blue  remaining,  and  another  500  Red  lost. 

Thus,  by  the  principle  of  concentration.  Blue  has  annihilated  1000  Red  forces  (two  forces  of  500 
each)  and  has  lost  only  293  men!  The  principle  of  “divide  and  conquer”  therefore  works  very  well  for 
the  assumption  of  Lanchester’s  Square  Law. 

As  a  very  startling  example,  consider  an  initial  force  of  1001  Blue  and  1000  Red,  still  assuming 
0  -  p.  Now  Blue  has  an  advantage  of  only  1  man,  but  the  Square  Law  produces 

B*  -  Bl  -  Rl  =  (1001)*  -  (1000)*  -  2001 
or 

Bt  x  45  remaining  Blue  forces  (remarkable). 

But  such  a  battle  is  not  worth  it  to  either  side! 

Let  us  now  k  ok  at  the  difference  in  fighting  power  for  any  general  time  t: 

pB *  =  fighting  power  of  Blue  at  time  t?*Q 

&R  *  —  fighting  power  of  Red  at  time  & 0 

pB *  —  0R*  —  difference  in  fighting  power. 

The  rate  of  change  of  the  difference  in  fighting  power  is  thus 

d  dB  dR 

—  (pB'  -  0R*)  «  2 pB~jt - WR—  (28-40) 

=  2 pB(-fiR)  -  20R(-pB)  =  0 

which  says  that  the  difference  in  fighting  power  is  always  a  constant  (or  zero)  for  the  Square  Law. 
Thus, 


pB*  —  0R*  —  C  (constant),  or  zero,  (28-41) 

V 

and  when  C  *  0,  the  relation  between  Blue  and  Red  remaining  forces  Can  be  described  by  the  positive 
branches  of  hyperbolas  going  into  the  Blue  (x  »  VpB)  or  the  Red  {y  *  VfrR)  axes,  depending  on 


DARCOM-P  706-102 


whether  Blue  or  Red  has  the  advantage.  The  asymptote  >/pB  =  \/ftR  represents  the  standoff  or  parity 
condition  (Fig.  28-1). 


28-4.2  DISCRETE  CONSIDERATIONS 

Following  Clayton  J.  Thomas  (Ref.  3),  it  is 
equivalent  set  of  difference  equations: 


A  B 

il 

1 

Bi±i 

-  Bt 

At 

°r 

U+ 1 

-  it 

,  A  R 
At 

=  -pB 

Ri+ 1 

Qr  - i — 

U+x 

-  Rt 

-  tt 

instructive  to  consider  Eqs.  28-28  and  28-29  as  an 


-&Rt 

(28-42) 

-pBi 

(28-43) 

Now  consider  unit  time  intervals,  so  that  f,+  l  —  tt  -  1  for  i  =  0,  1,  2,...,  n.  Then,  we  get 

Bl+l  =  Bt  -  0Rt;  i  =  0, 1 ,  2, ...» it  (28-44) 

RlJrl  -  Ri  -  pBt  ;  i  =  0,  1,  2, ...,»  (28-43) 


and  the  battle  proceeds  as  a  function  of  the  ith  time  period  as  follows: 


i 

t 

Bt 

R, 

0 

t  =  0 

Ba 

Ro 

1 

tx 

B\  —  Bo  ~  0R* 

Rx  ~  R»  ~  pB<t 

2 

h 

B,  «  Bx-0Rt 

R*  -  Rx  -  pBy 

=  B4  4-  8pB, 

/?*  +  0pR„ 

1 

l 

-2pBt 

etc. 

We  may  now  use  a  numerical  example  of  C.  J.  Thomas  (Ref.  3)  and  construct1  Table  28-1  for 
Bt  -  100.  R»  =  50,  p  =  0.05,  and  0  -  0.10. 

Thus,  after  just  more  than  1 2  time  units  nave  passed,  Blue  has  annihilated  Red  and  lost  only  one- 
third  of  his  (Blue)  force.  The  ratio  of  Blue  to  Red  increases  from  2  to  45! 

As  can  be  seen  from  Table  28-1,  the  value  of  0  =*  0.10  is  not  enough  to  reach  "parity”.  As  can  be 
seen  from  Table  28-2,  parity  is  achieved  when  0  *  0.20  is  used  in  the  computation  (by  Eq.  28-38, 
pB*  »  0R*  or  0.05(100)*  =  0(SO)M;  0  =  0.20),  and  at  this  stage  Blue  and  Red  proceed  to  annihilate 
each  other.  [Note  at  this  last  stage  that  the  (0.20)(32.805)*  =  (0.05)(65.61)*  =  215.23.) 

28-4  J  FORCE  RATIO  CONSIDERATIONS 

For  the  force  ratio  u  =  B/R,  we  record  here  that  the  rate  of  change  of  the  force  ratio  equation  for  the 
Square  Law  is  given  by  ' 
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TABLE  28-1.  STATUS  OF  RED  AND  BLUE  FORCES  FOR  £0  =  100,  R„  =  50, 
p  =  0.05,  0  =  0.10  AFTER  12  TIME  UNITS 


I 

B, 

R, 

B,/R, 

B,  -  Rt 

B,  +  Rt 

0 

100.00 

50.00 

2.00 

50.00 

150.00 

1 

95.00 

45.00 

2.11 

50.00 

140.00 

2 

90.50 

40.25 

2.24 

50.25 

130.75 

3 

86.48 

35.73 

2.42 

50.75 

122.21 

4 

82.91 

31.41 

2.64 

51.50 

114.32 

5 

79.77 

27.26 

2.93 

52.51 

107.03 

6 

77.04 

23.27 

3.31 

53.77 

100.31 

7 

74.71 

19.42 

3.85 

55.29 

94  13 

8 

72.77 

15.68 

4.64 

57.09 

88.45 

9 

71.20 

12.04 

5.91 

59.16 

83.24 

10 

70.00 

8.48 

8.25 

61.52 

78.48 

11 

69.15 

4.98 

13.9 

64.17 

74.13 

12 

68.65 

1.52 

45.2 

67.13 

70.17 

TABLE  28-2.  PARITY  ACHIEVED  BETWEEN  RED  AND  BLUE  FORCES  FOR  B0  =  100, 

R0  =  50 ,  p  *  0.05,  0  =  0.20 


I 

B, 

R, 

Bi/Ri 

B.-R, 

B,  +  R, 

0 

100.00  , 

50.00 

2.00 

50.00 

150.00 

1 

90.00 

45.00 

2.00 

45.00 

135.00 

2 

81.00 

40:50 

2.00 

40.50 

121.50 

3 

72.90 

36.45 

2.00 

36.45 

109.35 

4 

65.61 

.  32.805 

2.00 

32.805 

98.415 

du 

~dt 


ptP  -  0 


(28-46) 


for  any  time  t  of  the  battle. 

Also  for  the  Square  Law,  the:  exchange  ratio  is  easily  seen  to  be,  from  Eqs.  28-28  and  28-29, 


dB  0 

dR  pu 


(28-47) 


EXAMPLE  28-3: 

'  Given  a  Blue  force  of  1 200  men,  which  through  superior  command  and  control,  maneuvers  and  con¬ 
centrates  against  1900  Red  troops  such  that  three  battles  are  fought  which  involve  500,  600,  and  800 
Red  troops  at  a  time.  If  Blue  and  Red  have  equally  effective  weapons,  which  side  annihilates  th?  other, 
and  how  many  men  are  left? 

Since  0  m  p,  we  may  therefore  deal  only  with  numbers  in  each  battle.' 
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1st  Battle: 

(1200)*  -  (500)*  =  1,190,000 
or 

(1,190,000)*/*  =  1091  Blue  troops  remaining  after  1st  battle. 

2nd  Battle: 

(1091)*  -  (600)*  =  830,281 
or 

(830,281  )l/*  =  911  Blue  troops  remaining  after  2nd  battle. 

3rd  Battle: 

(911)*  -  (800)*  =  189,921 
or 

(189,921)I/*  =  436  Blue  troops  remaining  after  3rd  battle. 

Hence,  Blue  wins  with  436  men  remaining. 

One  notes  that  had  Red  been  able  to  pit  all  of  his  1900  men  against  1200  Blues  in  a  battle,  then  Red 
would  win  with 

[(1900)*  —  (1200)*] 1/1  =  1473  Red  troops  remaining! 

28-4.4  AN  APPLICATION  OF  THE  LANCHESTER  SQUARE  LAW  TO  CUSTER  AT  LIT¬ 
TLE  BIGHORN* 

One  of  the  battle  simplications  of  American  history  is  that  Colonel  George  Armstrong  Custer  blun¬ 
dered  his  way  to  defeat  at  Little  Bighorn  by  spi  tting  his  force.  Perhaps  the  Lanchester  Square  Law 
can  aid  in  assessing  this  proposition. 

Custer  headed  for  his  final  battle  with  a  7th  Cavalry  force  of  about  600  men.  He  anticipated  meeting 
an  Indian  force  of  between  1000  and  1500  warricrs.  The  actual  Indian  fighting  strength  at  Little  Big¬ 
horn  lay  somewhere  between  4000  and  5000. 

On  the  day  of  the  battle,  25  June,  1876,  Custe  •  divided  his  command  into  four  parts.  Captain  Ben- 
teen  was  sent  off  with  1 25  men  on  what  turned  ot  it  to  be  a  fruitless  search;  Major  Reno  was  ordered  to 
attack  with  an  effective  force  of  115  men;  a  group  of  130  men  was  assigned  to  the  pack  train;  and 
Custer  himself  lead  a  column  of  aoout  225  sole  iers. 

The  ensuing  action  can  be  viewed  in  three  pans.  First,  Reno’s  abortive  attack  on  the  Indian  village. 
:  md,  the  annihilation  of  Custer’s  column.  Th  rd,  the  successful  defensive  perimeter  established  on 

nund  by  Reno’s  beaten  force  reinforced  by  Benteen’s  group.  This  last  part  will  not  be  analyzed 
wu-. Lanchester  Square  Law,  as  it  was  mainly  a  matter  of  holding  out  in  a  fortified  position  until 
the  Indians  were  driven  off  by  the  approach  of  General  Terry’s  column.  (It  also  seems  fair  to  mention 
that  after  the  stunning  success  they  had  in  the  ittack  on  Custer,  the  Indians  were  not  so  much  in¬ 
terested  in  attacking  the  Reno-Benteen  defensive  position  as  they  were  in  celebrating.) 

•Contributed  by  Mr.  Thomas  Nolan  during  a  class  on  weapon  systems  analysis  in  196ft  at  the  BRL  Ballistic  Institute. 
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Now,  what  can  the  Lanchester  Square  Law  tell  us  about  Reno’s  attack  on  the  Indian  village?  Fi  st. 
we  need  to  recall  Lanchester 's  Square  Law  as  in  Eqs.  28-28  and  28-29: 


dB 

dt 

which  implies 


=  -PR 


dR 

dt 


=  -pB 


p{Bl  -  B J)  =  p{Rl  -  /?’) 

where 

B0  =  initial  US  strength 
R0  =  initial  Indian  strength 
B  =  size  of  the  US  force  at  any  time  t, 

R  =  size  of  the  Indian  force  at  any  time  t 

p  =  constant  rate  at  which  a  single  US  unit  (man)  kills  an  Indian  unit 
B  =  constant  rate  at  which  a  single  Indian  unit  (man)  kills  a  US  unit. 

The  hopelessness  involved  in  Reno’s  attack  with  115  men  on  an  Indian  force  of  1000  cr  more  is  shown 
in  Table  28-3  which  shows  the  remaining  Indian  force  resulting  from  an  annihilation  of  Reno’s  com¬ 
mand  as  a  function  of  the  ratio  p/I 3  of  attrition  coefficients.  To  have  achieved  parity,  or  pBl  =  ,5/fJ, 
Reno’s  force  would  have  needed  an  attrition  coefficient  or  kill  rate  advantage  of  76:1!! 

The  actual  value  of  the  ratio  of  the  attrition  coefficients  is  perhaps  indicated  by  the  engagement  of  a 
1 300-man  force  under  General  Crook  on  the  upper  Rosebud  Creek  on  17  June,  1876  by  a  force  of  1000 
to  1 500  of  the  same  Indians  involved  at  Little  Bighorn.  From  an  optimistic  US  point  of  view  this  battle 
may  be  called  a  draw,  indicating  an  attrition  coefficient  ratio  near  1:1.  (The  battle  was  privately  ad¬ 
mitted  to  be  an  Indian  victory  by  General  Crook.) 

So  the  Lanchester  Square  Law  would  indicate  that  Reno  had  little  chance  of  success.  He  was  for¬ 
tunate  to  extract  himself  from  the  position  to  which  his  ill-conceived  attack  placed  him. 

Custer’s  column  of  225  men  was  engaged  by  an  Indian  force  which  may  have  numbered  as  many  as 
5000.  Its  strength  was  probably  in  the  3000  to  5000  range.  Table  28-4  illustrates  the  Lanchester 
Square  Law  analysis  of  this  situation.  Table  28-4  predicts  an  overwhelming  Indian  victory.  , Even  an 
unrealistically  small  Indian  force  of  1000  (which  may  have  been  the  size  force  Custer  anticipated  en¬ 
countering)  puts  an  attrition  coefficient  ratio  advantage  of  20:1  as  the  requirement  for  parity! 

These  results  indicate  that  Custer’s  divided  forces  had  little  chance  of  achieving  victory.  But  what  if 
he  had  maintained  his  600-man  force  intact  ?  Table  28-5  addresses  that  possibility.  The  conclusion, 


TABLE  28-3. 

RENO’S  ATTACK 

Bt  =  115 

R,  *  1000 

Ratio  of 

Siae  of  Indian  Force  After 

Attrition  Coefficient* 
P/0 

Annihilation  of  US  Force 

1 

993 

2 

987 

5 

966 

10 

932  . 

50 

582 

76 

0  (PARITY) 
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TABLE  28-4.  CUSTER’S  LAST  STAND 


Ratio  of  Size  of  Remaining  Indian  Force  for 

At*-.  ition  Five  Initial  Indian  Force  Sixes 


Cottlicieutx 

p/8 

1000 

2000 

3000 

4000 

5000 

1 

974 

1987 

2992 

3994 

4995 

2 

948 

1975 

2983 

3987 

4990 

5 

864 

1936 

2958 

3968 

4975 

10 

703 

1869 

2914 

3936 

4949 

20 

0* 

1728 

2826 

3871 

4898 

79 

0* 

2236 

34o4 

4583 

100 

1984 

3307 

4465 

178 

0» 

2644 

3999 

316 

0* 

3000 

4<--*  0* 


•This  is  the  point  where  parity  is  reiched. 


TABLE  28-? .  CU  STER  AT  LITTLE  BIGHORN  WITH  AN  UNDIVIDED  FORCE 

Bi  »  600 


Ratio  of  Sue  of  Remaining  Indian  Force  for 

Attrition  Five  Initial  Indian  Force  Sixes 

Coefficients 


p/8 

1000 

2000 

3000 

4000 

5000 

1 

800 

1908 

2939 

3955 

4964 

2 

529 

1811 

2877 

3909 

4927 

3 

0* 

1709 

2814 

3863 

4891 

5 

1483 

2683 

3768 

4817 

10 

632 

2324 

3521 

4626 

11 

0* 

2245 

3470 

4587 

25 

0* 

2646 

4000 

44 

0* 

3027 

69  0* 


•This  is  the  point  where  parity  is  reached. 


applying  Lanchester’s  Square  Law,  indicates  that  cm  with  an  undivided  force  of  600,  Colonel  Custer 
would  have  been  unlikely  to  defeat  the  Indian  force  he  met  at  Little  Bighorn.  An  analysis  such  as  that 
made  here,  however,  may  have  given  Custer  improved  guidance  on  not  engaging  so  many  Indians, 
waiting  for  additional  help,  etc.  Finally,  we  might  ask;  Does  not  combat  theory  aid  in  some  better 
judgments  or  in  planning?  Par.  28-4.5  attempts  to  answer  this  question. 

28-4  J  LANCHESTER’S  SQUARE  LAW  AS  A  FUNCTION  OF  TIME 

As  we  have  seen,  the  solutions  of  the  differential  equations  for  Lanchester’s  Square  Law  are  straight¬ 
forward.  The  solutions  in  terms  of  the  time  history  of  events,  however,  are  somewhat  more  difficult. 
The  remaining  Blue  forces  B(t)  and  remaining  Red  forces  R(t)  at  any  time  t  are  given  by 
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B(t)  =  50coshVpiS/  —  R0&‘mhSpB  t 

,  (28-48) 

R(t)  =  /?ocosh\/p0  t  -  BosirihSpfi  t. 

(28-49) 

By  use  of  Eq.  28-49,  it  can  be  shown  (Ref.  4,  for  example)  that,  if  Blue  wins,  the  time  tR  at  which  Red  is 
annihilated  (i.e.,  R(t)  =  0)  is  given  by 

tn  =  [l/(2\^8)]ln[(Vpfi,  +  >/pR0)/(\frB0  -  y/f?R0)].  (28-50) 

Similarly,  by  use  of  Eq.  28-48,  if  Red  wins,  then  Blue’s  time  of  annihilation  (i.e.,  B{t)  -  0)  is  given  by 

tB  =  [l/(2v^)]ln [{SpB9  +  V^f /?„)/(  ~  VpBo)].  (28-51) 

EXAMPLE  28-4:  ■ 

Given  the  initial  data  for  Table  28-1,  which  involve  a  discrete  type  calculation,  find  the  time  at 
which  Blue  annihilates  Red. 

We  have  B9  =  100,  Ra  =  50 ,  p  -  0.05,  and  0  -  0.10;  and  we  know  that  Blue  wins  since 
pBl  =  500  and  0R*  =  250 
Hence,  from  Eq.  28-50  we  find 

“  2(5^707)  08.17/6.55)  -  12.47. 

Furthermore,  we  note  that  the  12.47  time  units  calculated  here  agree  with  the  discrete  computation 
of  Table  28-1. 

Given  the  Lanchester  Square  Law  for  concentration  of  forces  and  assume  that  Blue  and  Red  have 
equal  kill  rates,  i.e.,  p  =  0,  we  can  then  determine  the  time  required  to  reduce  the  Blue  force  to  1/it  of 
its  original  size,  i.e.,  B(l)  =  BJn,  by  Eq.  28-48 

t  -  (l/p)ln  {[(/?«/«)  -  SR!  -  Bi{n*  -  1  )/n*)/(B9-  R9)}.  (28-52) 

If  the  term  under  the  radical  is  negative,  then  the  Red  force  would  be  annihilated  before  the  Blue  force 
could  reduce  to  1/n  of  its  original  size. 

Similarly,  the  time  required  to  reduce  the  Red  force  to  l/n  of  its  original  size,  i.e.,  R(t)  »  R9/n,  with 
p  ■  0,  by  Eq.  28-49  is 

t  -  (l/p)In{(Wn)  -  VBl  -  RZ(n*  -  !)/«*]/(/?•  -  So)}.  ,  (28-53) 
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28-4.6  HISTORICAL  COMMENT 

With  regard  to  Lanchester’s  well-known  and  famous  Square  Law,  Weiss  (Ref.  5)  indicates  that 
Rear  Admiral  Bradley  A.  Fiske  of  the  US  Navy  may  have  anticipated  its  implications  some  10  years 
earlier  than  Lanchester.  In  Ref.  5,  Weiss  describes  the  numerical  analyses  of  gunnery  made  by  Fiske. 
which  favor  the  Square  Law.  However,  Fiske  did  not  set  down  the  differential  equations  as  did 
Lanchester  for  modeling  combat,  and  hence  did  not  establish  a  general  law. 

28-5  VALIDATION  OF  LANCHESTER’S  SQUARE  LAW 

It  is  of  interest  to  point  out  that,  some  effort  has  been  made  to  verify  Lanchester’s  combat  theory 
through  studies  of  actual  battles.  In  this  connection  Engel  (Ref.  6)  studied  records  of  the  battle  of  Iwo 
Jima  in  World  War  II,  and  was  able  to  analyze  L'S  casualties  each  day,  the  number  of  friendly  troops 
put  ashore  each  day,  and  some  appropriate  information  on  Japanese  casualties  and  the  reinforcement 
of  Japanese  forces.  With  such  information,  Lanchester’s  Square  Law  was  fitted  to  attrition  data  on 
both  sides  for  the  battle  of  Iwo  Jima,  and  appeared  to  give  a  good  fit.  Engel  (Ref.  6,  was  also  able  to 
determine  the  attrition,  or  kill  rates  for  Blue  (US)  and  Red  (Japanese).  In  all,  there  were  about  73,000 
US  troops  involved  2nd  21,000  Japanese  troops.  Engei  (Ref.  6)  estimated  0.0106  enemy  casualty  per 
day  per  effective  friendly  troop,  and  0.0544  friendly  casualty  per  day  per  effective  enemy  troop.  Thus, 
these  kill  rate  figures  indicate  that  in  the  defensive  role  at  Iwo  Jima  the  Japanese  were  nearly  5  times  as 
effective  as  the  Americans.  Perhaps  one  of  the  most  impressive  points  is  that  a  suitable  mathematical 
model  might  be  validated,  and  hence  could  be  used  for  general  inferences.  Samz  (Ref.  7)  checks 
Engel’s  attrition  rates. 

J.  R.  Thompson  (Ref.  8)  appears  tc  question  the  exact  applicability  of  Lanchester’s  Square  Law  for 
the  Iwo  Jima  battle.  In  fact,  Thompson  found  some  additional  information  which  indicates  the 
Japanese  commander,  General  Kunibayashi,  estimated  that  for  the  21st  day  cf  combat  there  were  only 
about  1500  Japanese  remaining  instead  of  the  8550  estimated  from  Engel’s  fit  of  the  Square  Law.  (The 
Iwo  Jima  campaign  lasted  about  36  days.)  Indeed,  Thompson  indicates  that  the  area  fire  model 


dB 

dt 

=  -RBR  +  F(t) 

(28-54) 

dR 

dt 

-  -pRB 

(28-55) 

where  F(t)  is  a  reinforcement  term  or  rate  of  troop  replacement  for  the  U.S.,  gives  a  Japanese  strength 
on  the  21st  day  as  2250 — which  is  closer  to  Kunibayashi ’s  estimate  of  1500;  thereby  raising  some 
doubt  about  the  8550  figure.  Thus,  we  see  the  need  for  sufficiently  accurate  and  detailed  experimental 
or  battle  data  to  validate  mathematical  models  of  combat.  Indeed,  the  problem  of  obtaining  battle 
data  accurately — and  especially  at  precise  time  instants  that  the  attrition  on  each  side  occurs — 
represents  one  of  the  basic  considerations  for  and  obstacles  to  validating  the  worth  of  any  proposed 
combat  model.  . 

As  a  remark  of  some  importance,  we  should  point  out  the  need  for  obtaining  exact  kill  times  for  the 
combatants  on  each  side  in  a  battle  or  simulation,  for  these  kill  times  can  be  used  to  determine  kill 
rates  expenmentally.  Thus,  for  example,  the  reciprocal  of  the  average  kill  tinges  for  either  Blue  or  Red 
gives  the  kill  rates  or  attrition  rates,  which  are  useful  in  Lanchester’s  equations,  and  this  would  pro¬ 
vide  a  check  on  (passively  determined)  kill  rates  as  in  Eq.  28-1.  • 
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28-6  THE  LOGARITHMIC  LAW  (Weiss  and  Peterson) 

In  a  study  of  the  Civil  War,  H.  K.  Weiss  (Ref.  9)  found  that  the  Lanchester  Linear  and  Square  Laws 
did  not  apply  well  for  battles  involving  about  1 5,000  or  more  combatants.  Rather,  the  rate  of  losses,  or 
the  losses  at  each  time  period,  on  each  side  appeared  to  be  directly  related  to  the  number  of  comba¬ 
tants  on  that  side.  (To  many  readers,  this  is  no  doubt  a  surprising  development,  as  it  almost  says  “too 
much  ‘bureaucracy’  gets  in  its  own  way.”  In  the  sequel,  however,  we  will  show  that  the  “Logarithmic” 
I  iw  may  be  derived  from  kill  times).  Also,  R.  H.  Peterson  (Ref.  10)  in  a  study  of  tank  combat  during 
World  War  II  in  Western  Europe,  found  that  the  first  kills  in  tank  engagements  seemed  to  depend  on 
the  number  of  tanks  on  that  same  side,  but  that  second  kills  seemed  to  be  governed  by  the  Lanchester 
Square  Law.  For  first  kills,  the  “Logarithmic  Law”  seemed  to  apply  better.  Perhaps,  this  has  some¬ 
thing  to  do  with  initial  shots  and  their  advantage  in  catching  the  enemy  by  surprise,  as  compared  to 
subsequent,  regular  combat.  (Also,  the  sparsity  of  suitably  accurate  data  could  be  a  problem.) 

Weiss  and  Peterson  indicate  that  the  limited  studies  with  the  Logarithmic  Law  involved  the  form 

dB/dt  =  -05  In/?  (28-56) 


showing  rather  weak  dependence  on  the  opposite  side  numbers,  although  here  we  will  use  Peterson’s 
“simple  form”  in  the  following  assumptions:  • 


dB/dt  -  -05 


(28-57) 


and 


dR/dt  =  -pR. 


(28-58) 


Then 


and 


so  that 


losses  and  remaining  numbers  of  combatants  depend  on  initial  numbers  on  the  same  side  and 
the  attrition  rate  constants  0  and  p.  Otherwise,  Blue’s  and  Red’s  losses  appear  somewhat  independ¬ 
ent  of  each  other! 

We  see  also  from  Eqs.  28-59  and  28-60  that 


5  =  5„exp(— 0/) 


R  »  5„exp(-p/) 


(28-59) 


(28-60) 


B/R  -  (B*/5,)exp(p  -  0)/. 


(28-61) 


If  p  >  0,  then  B/R  steadily  increases  with  the  time  of  battle  and  Red  may  soon  have  to  give  up; 
hence  Hue  wins.  If  p  <  0,  the  B/R  steadily  decreases  with  time  and  Blue  may  have  to  capitulate.  If 
0  ■  p,  hen  Eq.  28-61  becomes 

B/R  -  5«/5« 


(28-62) 
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and  the  fighting  ratio  stays  constant,  so  that  one  could  argue  stalemate.  On  the  other  hand,  battles 
may  stop  quickly  as  indicated  in  Peterson's  tank  combat  studies. 

For  a  relation  between  remaining  Blue  and  Red  not  involving  time,  we  may  eliminate  t  from  Eqs. 


28-57  and  28-58  and  obtain  the  ratio 

dR/dB  =  pR/(fiB)  (28-63) 

and  then  arrive  at 

(l/j8)(lnfl0  -  InB)  =  (\/p)(\nR0  -  In  R)  (28-64) 

or  rewrite  this  as 

( B/B0)i/ff  =  (/?//?<,) l/p  (28-65) 

or  finally  as 

B  =  B0(R/R0)p/p  (28-66) 


The  so-called  “Logarithmic  Law”,  therefore,  leads  to  the  exponential  type  of  decay  or  attrition  of 
forces  on  each  side.  In  addition,  we  note  that  if  the  Logarithmic  Law  fits  the  data,  and  if  we  know  the 
initial  number  on  each  side  and  the  number  of  survivors,  then  the  ratio  of  attrition  or  kill  rates  may  be 
determined,  for  example,  from  Eq.  28-66.  Furthermore,  Eqs.  28-59  and  28-60  may  be  linearized  by 
taking  logarithms  and,  if  the  times  of  casualties  are  known,  then  the  kill  rates  may  be  determined  ex¬ 
perimentally  rather  than  predicted  “passively”,  as  perhaps  in  Eq.  28-1. 

Finally,  we  return  to  a  potentially  important  point  concerning  analyses  of  combat  or  simulated 
battles-  -i.e.,  kill  times  may  be  of  much  interest  since,  the  faster  that  losses  occu  •  on  a  side,  the  greater 
likelihood  the  decision  to  withdraw. 

EXAMPLE  28-5: 

Six  Blue  tanks  engage  in  a  battle  with  eight  Red  tanks  until  Red  desires  to  withuraw  *vith  half  of  its 
tanks  lost.  If  Blue  also  lost  half  of  its  tanks,  then  find  the  Quantitative  advantage  of  one  side  over  the 
other. 

Assuming  that  the  Logarithmic  Law  is  valid  for  this  case,  -.ve  have  Bt  m  6.  B  m  3,  /?#  *  8,  and 
R  =*  4.  Hence,  using  Eq.  28-66,  we  find  that 

0/P  -  [\n(B/B9)]/ (ln(/?//?0) j  (28-67) 

*  1 

or  that  the  attrition  rates  are  equal.  However,  it  is  obviously  true  that  Blue  has  superior  tanks,  for  with 
a  loss  of  three  tanks  he  has  killed  four  Red  tanks.  Hence,  the  “trickiness”  of  the  exponential  decay 
combat  law. 

2G-7  SOME  CONSIDERATIONS  ON  TRANSITION  PROBABILITIES 

Some  . remarks  on  transition  probabilities  for  the  Linear,  Square,  and  Logarithmic  Laws  are  perti¬ 
nent  here.  We  are  interested  ultimately  in  one  side,  Blue  or  Red,  winning  through  a  s  iquence  of  losses 

28-22 


f 
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or  some  total  number  of  losses  of  combatants  on  a  side.  Blue  wins  if  Red’s  force  size  goes  to  zero  first 
(which  is  drastic),  or  if  we  state  hypothetically  that  a  side  has  lost  when,  for  example,  it  loses  1/3  of  its 
original  size,  and  consequently  disengages. 

For  the  Linear  Law  the  chance  pBl  of  Blue  losing  an  individual  engagement  at  any  given  state  of  the 
battle  is  found  from 

dB  j(  dB  dR  \ 

Pb\  -  -fi-j  +  — )  =  ~P)=  0/(0  +  P)  =  (1  ■+  P/BY1  (28-68) 

and  thus  the  chance  pm  that  a  Red  loses  an  individual  engagement  is 

Phi  =  p/\0  +  P)  =  (1  +  0/pYl  (28-69) 

as  we  have  already  indicated  in  par.  28-2. 

In  view  of  the  foregoing,  we  may  say  that  the  “transition  probability”  from  the  “state”  ( B,R ),  i.e.,  of 
B  Blues  and  R  Reds,  to  “state”  ( B  —  l,R)  is  given  by  Eq.  28-68,  and  the  transition  probability  from 
state  ( B,R )  to  state  ( B,R  —  i )  is  given  by  Eq.  28-69. 

For  the  Square  Law,  since  dB/dt  =  —0 R  and  dR/dt  -  —pB,  then 

pBl  =  0R/&R  +  pB)  =  (1  +  pB/  03/?)]-*  (28-70) 

and 

Pm  =  pB/(0R  +  pB)  =  (1  F  1 8R/(pB)}-\ 

For  the  Logarithmic  Law,  sine e  dB/dt  *  —0B  and  dR/dt  »  —pR,  then 
pBl  -  0B/(BB  +  pR)  -  (1  +  pR/(fJB)]~l 

and 

Ph x  »  pR/(0B  +  pR)  -  (1  +  0B/(pR))-'.  (28-73) 

If  we  assume  a  constant  or  parameter  *  ■  -1  for  the  Logarithmic  Law,  *  *  0  for  the  Liner  ■  Law 
and  *  «  1  for  the  Square  Law,  then  Peterson  (Ref.  10)  uses  the  general  form 

pHi(k)  -  (1  +  (p/0)(B/R)k)~\  k  ■  —1,0,  or +1  (28-74) 

to  describe  the  chance  of  one  Blue  loss  for  the  three  laws. 

In  a  like  manner,  we  see  that  the  chance  of  a  Red  loss  may  be  expressed  as 

(28-75) 


28-23 


pHiik)  -  [1  +  (0/p)(R/B)*]'\  k  m  —1,0, or  +1 


\ 

\ 


(28-71) 

(28-72) 
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In  order  to  estimate  k  from  actual  statistics  on  battles,  or  from  a  simulation,  we  observe  that  from 
Eq.  28-74 

■!  -  Pm(k)  =  (p/0)(B/R)k (1  .+  (28-76) 

and  it  is  thus  easy  to  see  that  for  Blue  we  have 

In [pBxik)/{\  '  ^,(i)|]  =  In  03/p)  +  kln(R/B).  (28-77) 

In  a  like  manner,  for  Red  we  get 

ln[/>«,(*)/{l  ~  =  In  (p/0)  +  kln(B/R).  (28-78) 

Thus,  knowing  the  number  of  combatants  B  and  R  at  some  stage  of  a  battle,  the  attrition  rates  0  and  p, 
and  having  estimates  of  the  transition  probabilities  from  other  sources;  then  k  may  possibly  be  deter¬ 
mined,  giving  the  form  of  the  correct  law  to  fit.  Cr,  knowing  the  form  of  the  law  'linear,  Square,  or 
Logarithmic)  and  having  estimates  of  transition  chances,  then  the  intercepts  of  Eqs.  ’’8-77  and  28-78 
lead  to  the  ratios  of  kill  rates. 

28-8  CHANCES  OF  WINNING  A  B  ATTLE 

As  a  further  consideration,  now  let  P(B,R )  denote  the  probability  that  Blue  finally  wins  over  Red 
when  Blue  starts  with  any  force  size  B,  and  Red  starts  with  a  force  size  R.  In  this  connection,  we  may 
find  all  needed  values  of  P(B,R )  by  reasoning  as  indicated. 

To  begin  with,  it  is  clear  that  P(B, 0)  for  B  2:  1  is  always  1 ;  Red  has  no  chance  to  win.  being  down  to 
zero  men  already.  On  the  other  hand,  P(0,R)  for  R  £  1  is  always  zero;  since  B  has  zero  combatants; 
Red  has  already  won,  and  Blue  therefore  cannot  win.  Next,  consider  >*(1,1).  Here,  Blue  can  win  only  if 
/*(  1,1)  changes  from  this  state  to  the  state  P(1,0),  i.e.,  Red  has  to  lose  his  only  combatant  for  Blue  to 
win  at  this  state.  The  chanc~  of  this  is  pm  and  for  the  Linear  Law,  for  example,  we  know  from  Eq.  28- 
69 

pn t  =  (1  +  0/p)'1,  and  this  equals  1/2  if  0  =  p. 

Therefore,  _ 

.  /UD  -  pmPiUO)  -  (1  +  0/p)-‘/U 0)  -  (1  +  0/p)“. 

Next,  what  about  P( 2, 1 )  or  /*(!  ,2)  ?  From  state  '2,1 )  Blue  may  win  merely  by  Red  losing  1  or  the  en¬ 
gagement  going  from  state  (2,1)  to  state  (2,0),  the  chance  of  which  is  pm-  Also,  Blue  can  win  by  losing 
just  one  Blue,  going  to  state  (1,1),  but  then  winning  from  state  (1,1).  The  chance  of  these  two  mutually 
exclusive  events  is 

P{ 2,1)  -  PrxP{ 2,0)  h  PmPOM 

In  a  like  manner, 

7>(1,2)  -  AmfUDonly. 


I 
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In  general,  however,  P{B,R )  is  the  total  chance  that  Blue  wins  either  if  he  loses  !  in  a  battle,  but  still 
wins,  and  Red  loses  one  but  Blue  still  wins.  This  may  be  written  quite  generally  as 


P(B,A)  =  PbiF(B  -1  ,R)  +  pmP(B,R  -  !) 


(28-9) 


which  for  the  Square  Law,  for  example,  would  be 

"  -whs  nB  -  '■ R)  +  ■<,/*— B  mR  ■ n  i28-“01 

For  example,  in  C.  J.  Thomas’  Table  III,  Page  VII-25,  (Ref.  3),  ^(3,2)  is  listed  as  0.7750  and,  from 
Eq.  28-77,  we  have  where  p  =  8 


2  3 

p(\2)  =  —  --P(2,2)  +  T^r^P(5,l)  =  (0.4)(0.5000)  +  0.6(0.9583)  =  0.7750. 


2  +  3 


Thus,  we  are  able  to  use  the  transition  probabilities  of  par.  28-7  to  determine  overall  chances  of  win¬ 
ning  a  battle.  However,  the  reader  may  easily  see  that  the  computational  details  get  to  be  very  involved 
indeed. 

EXAMPLE  28-6: 

Given  that  Lanchester’s  Square  Law  applies  to  a  certain  battle  and  that  the  exchange  ratio  of  Blue’s 
loss  rate  to  that  of  Red  is  0/p  =  3/5.  Then  build  up  a  table  of  the  chances  of  Blue  winning  for  one  to 
five  combatants  on  each  side. 

Now  since  P{B,R)  given  by  Eq.  28-80  is  the  chance  that  Blue  wins  if  all  the  enumerations  are  carried 
out,  then  we  see  for  8/p  =*  3/5  that  we  have 

3  ft 

P'B,R)  =  3 R  +  SB  P(^B  ~  1,/?*  +  3 R  +  5 B  P('B,R  ~ 

The  first  few  computations,  starting  with  £ro  Blue  and  one  Red,  and  one  Blue  and  zero  Red,  are  as 
follows:  < 


mo  -  o 
mo)  »  i 


-  Trrzrmi)  +  Trhr*'® 


3  5 

7»°*+  t*  1 


0.625 


28-25 


I 
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P(h2)  =  -  />(0,2)  +  Tr^r-AU)' 


3*2  +  5*1 


6  5  5 

—  *0 

11  11  ,8 


3*2  .+  5*1 


25 

88 


=  0.284001 


P{  1,3)  = 


3*3 


3*3  +  5*1 


■m3)  + 


5*1 


3*3  4-  5*1 


•/*n,2) 


_5^  25 
14  ’  88 


125 

1232 


=  0.101461. 


P(  1,4)  - 


3*4  5*1 

W4>  +  >4-T5.TP(1,3) 


3*4  +  5*1 

5  125 

17  *  1232 

625 


20944 


=  0.029841. 


The  resulting  computations  giving  the  chances  of  Blue  winning  are  given  in  Table  28-6. 
In  case  the  Lanchester  Linear  Law  applies,  then  Eq.  28-80  simplifies  to 


P(B,R)  «  t4~z  P(£  -  IP)  +  TT —P(B,R  -  1) 


0  +  P  v  0  +  P 

and  Brown  (Ref.  1 1 )  shows  that  the  chance  of  Blue  winning  is  the  binomial  sum 


(28-81) 


P(B,P)  -  l\b  +  R  -  1)71 MB  +  if .-  t  -  »!] 

X(3/0J  +  p)j'(p/<0  +  (28-82) 

m  Iff/'iB.R),  or  Karl  Pearson ’s  incomplete  beta  function  (e.g.,  par.  21-3. 1 ). 
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TABLE  28-6.  PROBABILITY  OF  BLUE  WINNING  (SQUARE  LAW  AND  0/p  =  3/5) 


Red  Force  Site 


0 

1 

2 

3 

4 

0 

0 

M0) 

Not 

mn 

m.  2) 

m.3> 

m.4) 

P{  0,5) 

1  Mined 

0  0000 

0  0000 

0.0000 

0.0000 

0.0000 

Pi  1  .0) 

mu 

m.2) 

m.3) 

m.4) 

A' 1.5) 

1.0000 

0.6250 

0.2841 

0.1015 

0.0298 

0.0O75 

2 

Pi  2.0) 

m.n 

m.2) 

m.3) 

m.4) 

m.5) 

1.0000 

0.9135 

0.6774 

0.4046 

0.2002 

0.0846 

3 

P{  3.0) 

m.i) 

m.2) 

m.3) 

m.4) 

m.5) 

1.0000 

0.9856 

0  8975 

0.7127 

0.48-19 

0  2847 

m.<» 

mu 

m.2)  ■ 

m.3) 

m.ri 

m.5) 

1 .0000 

0.9981  . 

0.9749 

0.8935 

0.7403 

0.5451 

/»(?>.  0) 

m.n 

m.2) 

m.3) 

m.4) 

m.s) 

1.0000 

0.9998 

0.9950 

0.9681 

0.8942 

0.7633 

Now  the  binomial  sum  may  be  approximated  by  using  the  normal  or  Gaussian  distribution  (see 
Brow  n,  Ref,  1 1 ),  and  we  could  put  B  =  B„  and  R  -  R„  for  the  start  of  the  battle  in  Eqs.  28-80,  28-81, 
or  28-82. 

Brown  (Ref.  1 1 )  also  gives  a  normal  approximation  for  the  chance  of  Blue  (and  hence  Red)  win¬ 
ning  for  the  Lanchester  Square  Law,  although  we  see  that  otherwise  the  calculations  become  very 
detailed  because  of  the  discrete  nature  of  the  battles. 

Having  covered  the  Lanchester  type  Linear,  Square,  and  Logarithmic  Laws,  we  now  turn  to  the 
problem  of  modeling  guerrilla  warfare,  which  is  also  an  important  topic. 

28-9  THE  MIXED  LAW  OR  DEITCHMAN’S  GUERRILLA  WARFARE  MODEL 
28-9,1  BASIC  CONSIDERATIONS  AND  THEORY 

S.  J.  Deitchman  (Ref.  12)  made  a  study  of  Lanchester  type  models  to  explore  the  force  ratios — of 
“regulars”  to  guerrillas — that  might  be  required  for  a  side  to  w  in.  He  shows  that  an  attacking  guerrilla 
force,  by  using  tactics  which  compensate  for  its  weaknesses  otherwise,  can  defeat  a  force  of  defending 
regulars  which  has  overall  superiority  in  number  of  men  and  weapons.  On  the  other  hand,  the  defend¬ 
ers  or  regulai  s  can  win  by  appropriate  selection  of  weapons,  counter-tactics,  and  rather  high  force 
ratios  for  individual  engagements. 

Table  28-7  gives  the  force  ratios  for  some  nine  limited  wars,  along  with  the  winner  and  is  based  on 
testimony  of  General  Maxwell  D.  Taylor  before  the  House  Appropriations  Committee  (1960).  We 
have  added  South  Vietnam  as  the  10th  limited  war  for  additional  information. 

Table  28-7  shows  that  the  “regulars”  won  only  with  rather  overwhelming  force  ratios,  and  even  for 
force  ratios  of  about  9/1  the  guerrillas  won  in  Algeria  and  more  recently  in  South  Vietnam.  (In  the  lat¬ 
ter  stages  of  the  battle  for  South  Vietnam,  the  North  Vietnamese  sent  in  large  forces  to  take  over  as 
help  from  the  U.S.  dwindled.)  Thus,  the  so-called  “limited”  wars  bring  forth  some  special  considera¬ 
tions  that  require  proper  analyses,  and  hence  the  peed  for  modeling  guerrilla  type  warfare  as 
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TABLE  28-7.  LIMITED  WARS,  FORCE  RATIOS,  AND  WINNERS 


Limited  War 

Force  Ratio  (Reg/Guerr.) 

Winner  ' 

Greece,  1946-49 

9/1 

Regular 

Malaya,  1945-54 

18/1 

Regular 

Kenya,  1953 

10/1 

Regular 

Philippines,  1948-52 

Jll 

Ave  10/1 

Regular 

Indonesia,  1945-47 

3/2 

Guerrilla 

Indochina,  1945-54 

2/1  . 

Guerrilla 

Cuba,  !  958-59 

5.5/1 

Guerrilla  (Castro) 

Laos,  1959-62 

2/1 

Guerrilla 

Algeria,  1956-62 

JZi 

Ave  4/1 

Guerrilla 

South  Vietnam 

9/1 

North  Vietnam 
won  in  1975 

Dutchman  did.  (Deitchman  was  particularly  interested  in  exploring  the  question,  “Can  a  numerically 
very  inferior  force  of  guerrillas  defeat  a  much  larger  Army  in  a  complete  war?”) 

In  what  follows,  we  will  let  Blue  denote  the  defenders  or  regulars,  and  Red  the  guerrillas.  Blue 
moves  through  an  area  searching  for  guerrillas,  while  the  guerrillas  counter  the  attack  by  preparing  an 
ambush  for  the  defenders.  According  to  Deitchman,  the  “mixed”  character  of  the  model  arises  from 
the  asymmetrical  or  unbalanced  nature  of  the  combat  situation.  Generally,  Red  or  the  guerrillas  will 
fight  only  when  the  advantage  seems  to  be  decided*/  theirs,  although  in  some  cases  the  guerrillas  may 
be  forced  to  fight  when  stumbled  upon  by  the  defenders  or  otherwise  when  forced  into  conflict. 

In  moving  through  an  area  searching  for  guerrillas,  the  defenders  (Blue)  are  assumed  to  be  in  full 
view,  and  therefore  Blue’s  losses  are  assumed  to  be  directly  proportional  to  the  number  of  guerrillas 
(Red)  who  bring  aimed  fire  to  bear  on  the  regulars.  Thus, 


(28-83) 


On  the  other  hand,  Blue’s  return  fire  is  rather  ineffective  since  the  guerrillas  in  ambush  are  hidden 
and  Blue  must  fire  blindly  into  the  area  occupied  by  Red,  i.e.,  Blue’s  fire  is  “area”  fire.  Thus*  for  the 
guerrilla’s  loss  rate,  we  have  the  area  fire  model 


(28-84) 


From  Eqs.  28-83  and  28-84,  we  see  that  we  have  a  mixture  of  the  Lanchester  Square  and  the  Linear 
type  Laws. 

In  Eqs.  28-83  <tnd  28-84  we  have  a  decidedly  unbalanced  type  of  model,  where  the  attrition  con¬ 
stants  0  and  p  take  on  somewhat  different  meanings  than  they  did  before  in  the  Square  Law.  To  begin 
with,  Eq.  28-83  states  that  the  rate  of  change  of  Blue  depend!  on  a  constant  attrition  coefficient  mul¬ 
tiplied  by  the  number  of  opposing  Reds  or  guerrillas  (the  Square  Law  part).  On  the  other  hand,  Eq. 
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28-84  indicates  that  the  rate  of  losses  for  the  guerrillas  changes  not  only  according  to  the  constant  attri¬ 
tion  coefficient  p  and  the  number  of  opposing  Blues  or  Regulars,  but  also  the  number  of  guerrillas  in 
ambush  (the  Second  Linear  Law).  Thus,  the  more  guerrillas  in  ambush,  the  higher  the  rate  of  losses 
for  the  guerrillas — a  perfectly  reasonable  assumption.  Moreover,  it  is  to  the  guerrillas’  advantage  to 
keep  the  number  of  ambushers  small,  or  to  bring  about  dispersement  of  troops,  or  better  still  to  pro¬ 
vide  concealment,  cover,  and  protection,  which  has  the  effect  of  keeping  the  total  attrition  to  a  low 
figure,  relatively  speaking.  We  should  expect  also,  therefore,  and  in  fact  as  Deitchman  endeavors  to 
point  out,  that  the  coefficient  p  should  be  k:  pt  as  small  as  possible  in  order  that  the  guerrillas  and  their 
“fighting  power”  can  achieve  parity,  thereby  prolonging  the  war,  or  achieve  “local”  superiority  and 
hence  wipe  out  larger  and  larger  forces  of  regulars. 

It  is  easy  to  solve  Eqs.  28-83  and  28-84  for  the  number  of  Blue  (regulars)  B  -  B(t),  and  the  number 
of  Red  (guerrillas)  R  -  /?(/),  for  any  time  t  of  the  battle.  In  fact,  eliminating  the  time  variable,  we  see 


easily  that 

pBdB  =  &dR  (28-85) 

p(B2  +  CO  =  20(/?  +  Ct).  (28-86) 

Now  when  t  =  0,  B  —  B0  and  R  =  R0,  then 

p{Bl  +  CO  =  20(i?o  +  Ct)  (28-87) 

or  finally 

p(Bl  -  B2)  =  2/3  (R0  -  R).  (28-88) 

The  condition  of  parity  occurs  when  the  requirement 

pB\  =  2  0R9  (28-89) 

is  met,  for  then 

pB *  =  2/3/?  (28-90) 


always,  and  the  regulars  and  guerrillas  annihilate  each  other  eventually  if  the  battle  is  allowed  to  con¬ 
tinue. 

If  pB *  >  2/3f?o»  then 

pBl  -  2/3R,  -  pB2  -  20 R  >  0  (28-91) 

always,  and  eventually  R  must  go  to  zero  before  B  so  that  Eq.  28-88  becomes 

pBl  -  2 0RO  =  pB\  (28-92) 
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or  the  remaining  number  of  Regulars  is 

Bt  =  [0)5*  -  20Ro)/p}1'2  (28-93) 

with  the  regulars  winning  the  battle. 

On  the  other  hand,  when  2(JR0  >  pB2 ,  meaning  that  the  guerrillas  can  keep  p  relatively  »mall  and 
avoid  fighting  with  too  large  a  number  of  regulars,  then  the  guerrillas  can  win  ?.nd  have  R,  fighting 
units  remaining: 

Re  =  (20RO  -  pBl)/{20).  (28-94) 

We  note  in  this  case,  however,  that  we  must  have 

(3/p  >  BS/(2R0)  (28-95) 

or  a  criterion  depending  on  the  squaire  of  the  initial  number  of  Blues! 

One  should  note  that  the  condition  for  parity,  Eq.  28-89,  for  the  guerrilla  warfare  model,  imposes  a 
stiffer  requirement  on  the  size  of  the  Blue  (defender)  force  than  does  the  Square  Law.  In  fact,  for  the 
Square  Law  we  have  for  parity 

pB2  —  0R2  —  pB *  —  0R*  =  0  always?- _ ._ _ __ _  (28-96) 

Thus,  for  the  right-hand  side  of  Eq.  28-96,  we  see  that 

pB2  -  0R2  =  -BR(/3R/B  -  pB/R ) 

1  (  dB  \  1  (  dR  \1 

"  )  ~  R  KIT )\  ~  ° 

or  for  the  Square  Law  (see  par.  28-4. 1 )  we  have 

1  (  dB\  =  1  /  dR  \ 

B  \  dt  )  ~  R  \  dt  ) 

i.e., 

dB  dR 

B  =  R 
dt  dt 

always  for  parity.  This  says  that  fractional  or  percentage  losses  on  both  sides  go  at  the  same  rate  for 
the  Square  Law. 

For  the  guerrilla  warfare  model,  however,  we  may  substitute  the  conditions  of  Eqs.  28-83  and  28-84 
into  Eq.  28-97  and  obtain,  0R/B  m  pB,  or 


(28-97) 


(28-98) 
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pB 2  =  0R.  (28-99) 

Hence,  we  see  from  Eq.  28-90  for  Deitchman’s  “Mixed”  Law  case  that  parity  requires  that 

pB 2  =  2  0R  (28-100) 

so  that  Blue  winning  a  guerrilla  warfare  engagement  requires  a  factor  greater  than  twice  that  for  the 
Square  Law,  relatively! 

We  see  that  guerrilla  warfare  can  indeed  represent  a  very  special  type  of  fighting  because  the 
guerrillas  can  take  full  advantage  of  the  terrain  and  canopy,  and  more  or  less  make  the  regulars  fight 
on  the  basis  of  the  guerrillas  ’  own  terms,  so  to  speak.  Thus,  as  the  guerrillas  spread  out — taking  advan¬ 
tage  of  the  terrain  features  for  protection,  remaining  hidden,  and  preparing  ambushes — they  force  the 
regulars  to  split  their  forces  and  hence  violate  the  principle  of  concentration.  The  result  is  that  the 
guerrillas  often  can  easily  achieve  local  superiority  and  trap  the  regulars  in  ambush.  Thus,  some 
further  analysis  of  the  attrition  rates  is  of  interest  here. 

For  Deitchman’s  guerrilla  warfare  model,  we  have  from  Eqs.  28-89  and  28-90  relating  to  parity  that 
the  ratio  p/{ 20)  is  of  considerable  interest,  since  for  Ro>{p/20)Bl  then  Red  wins,  and  for 
Ba>\/2^R0/p  Blue  wins. 

It  is  instructive  therefore  to  consider  the  attrition  constants  in  more  detail,  especially  in  terms  of 
rates  of  fire  of  weapons  and  average  kill  probabilities  per  shot  fired  from  Blue  and  Red  weapons.  Thus, 
we  may  take  p  as 

p  —  rBAuR/AR  (28-101) 

where  the  loss  or  Lill  rate  constant  p  against  the  guerrillas  depends  on 
tb  =  rate  of  fire  of  a  Blue  weapon 

=  vulnerable  area  of  all  the  Red  forces  in  the  battle 
Ar  -  total  area  occupied  by  the  Red  forces  or  guerrillas. 

(The  ratio  AvR/AR  is  really  the  single  shot  kill  probability  of  Blue  against  Red.) 

For  Blue’s  loss  rate  Constant  0  on  the  other  hand,  we  have  that  since  Blue  initially  is  in  full  view  of 
Red,  then  we  may  take  $  as 

0  —  ThPkh  (28-102) 

where 

r„  =  rate  of  fire  for  a  Red  weapon 

Pkh  -  average  kill  probability  per  ..hot  *br  a  Red  weapon  against  Blue. 

Finally,  the  ratio  p/( 20)  is  thus  given  by 

p/(28)  =  rRAvR/(2ARrRpKR)  (28-103) 

which  equals  AfR/{<.ARpKi i)  if  rates  of  fire  on  opposing  sides  are  equal. 

We  note  that  Red  can  effectively  decrease  p  by  increasing  AR,  or  in  other  words  by  spreading  out  his 
forces  so  that  for  the  same  number  guerrillas  his  density  becomes  lower — a  very  worthwhile  tactic. 
Blue  may  increase  his  effectiveness  by  going  'o  more  devastating  weapons — rifles  to  mortars,  mortars 
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to  artillery,  etc.  Again,  the  guerrillas  compensate  by  spreading  out,  effecting  concealment,  taking  cover 
for  protection,  etc.,  until  he  has  local  superiority  to  win  over  the  split  Blue  force  or  attrite  him  badly.  In 
summary,  therefore,  an  inferior  numerical  force  of  guerrillas  might  be  able  to  fight  very  effectively  by 
proper  choice  of  tactics,  splitting  the  opposition,  and  taking  good  advantage  of  the  terrain  features. 

YVe  next  turn  to  the  time  solutions  for  the  guerrilla  warfare  model. 

Deitchman  points  out  that  the  time  solutions  for  the  “Mixed”  Law  in  case  Red  wins,  i.e., 
2(3R0>pBl ,  are: 

R  =  R(t)  =  Ci{l  +  ((50  ~  Kitanait)/(KX  +  50tana,Oj*} 

and 

B  =  B(l)  =  JiKBo  -  K\  tan  a.t)/{Kx  +  Zfotana^)] 


(28-106) 
(28-107) 

a,  =  pKx/2  (28-108) 

/a,  <  t/2  (28-109) 

and 

Rt  =  A(final)  »  R0  -  [p/(20))Bl  (28-110) 

On  the  other  hand,  if  Blue  wins,  i.e.,  pB*>2f}Ro,  then 

R  =  R(t)  =  C,{[(Z?#  +  /fjtanh  a^)/{Kt  +  50tanh  o^)]*  —  1}  (28-111) 

and 

B  -  B(t)  -  +  AYtanh  a^)/{Kx  +  50tanha*/)]  (28-112) 

where 

(28-113) 
(28-114) 
(28-115) 


Kt  -  v2(JCt/p 

Ct  -  [p/m\Bl  -  R9 

at  *  pKt/2 


where 

Kx  =  V2BC.Jp 
Ct  =  R0  -  \p/(2(J)]Bl 


(28-104) 


(28-105) 
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and 

Be  =  fi(final)  =  \f Bl  -  (2 0/p)Ro.  (28-116) 

Thus,  the  time  solutions  for  guerrilla  warfare  are  obtainable  in  analytic  form,  although  they  are  some¬ 
what  complex 

EXAMPLE  2h-7: 

200  Vietcong  (VC)  armed  with  rifles  of  about  0.4  single-shot  kill  probability,  prepare  and  occupy  an 
ambush  area  of  some  80.000  ftJ.  \  Regular  force  of  600  riflemen;  looking  for  guerrillas  in  the  area,  are 
suddenly  fired  upon  from  the  ambush.  If  the  rate  of  fire  on  each  side  is  about  12  rd  per  min  and  the 
vulnerable  area  of  a  VC  is  about  1.5  ft*,  then  who  wins  the  battle  and  how  many  men  are  left?  Indicate 
how  parity  could  be  achieved,  if  possible,  by  using  reasonable  numerical  values  in  the  analysis. 
Assumptions  must  be  quite  explicit. 

Given: 

B0  =  200  VC  guerrillas 
B0  =  600  Regulars 

Pkk  ~  (>  4  (single  shot  kill  probability  of  VC  rifles) 

Ah  ~  area  occupied  by  the  guerrillas 
X*,  =  1.5  ft*  ^vulnerable  area  of  one  VC  guerrilla) 

Of  =  r»  -  1 2  rd/inin  (rate  of  fire  of  weapons  on  both  sides). 

The  average  area  .4*,  occupied  by  one  guerrilla  is 

AKl  =  Ar/R0  (28-117) 

or 

ARl  =  80,000/200  =  400  ft*. 

Then  (Eq.  28-102) 

0  “  rnpKR  =  (12)(0.4>-  =  4.8  ,  (28-118) 

and  (E*j.  28-101) 

\  /  1.5  \  18 

>  "  -  nYm)  -  W  *  0045'  ‘28-"9> 

How  does  pB\  compare  with  20R,? 

-  (0.045) (600)*  «  16,200 
2(3R0  -  2  (4. 8)  (200)  -  1920. 
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Since  pBo>20Ro,  Blue  (Regulars)  will  win,  and 

Be  =  V(pBl  -  2f}R0)/p 

=  s/ (16200  -  1920)/0.045 
=  V3 17333J3 
=  563  Regulars  remaining. 

To  achieve  parity  we  need  pB*  =  2ftR0.  Since  we  do  not  have  the  option  of  changing  Bt  or  /?<>,  and  Q  for 
all  practical  purposes  is  constant  (for  example,  we  could  increase  pKB  by  giving  him  mortars,  but  he 
also  suffers  a  reduction  in  rH),  we  must  look  toward  changing  p.  So  for  parity 


(600)* 


=  0.005333. 


This  means  to  achieve  parity  we  must  somehow  reduce  p  by  an  order  of  magnitude!  Since  (Eq.  28- 101 ) 


we  must  change  these  factors  to  achieve  parity.  We  can  hardly  decrease  rB  from  12  rd  per  min.  If  the 
guerrillas  take  cover  behind  trees  and  rocks,  stay  in  ditches,  or  behind  other  natural  or  man-made 
barriers,  it  is  not  unreasonable  to  assume  they  can  decrease  their  vulnerable  area  from  1 .5  ft’  to  0.5  ft*. 
This  means  that 


'(tO  “  “(oSSS?)-  1,25 '*'• 


If  we  take  A*/R9  to  be  the  average  area  occupied  by  one  guerrilla,  then  the  total  area  occupied  by  the 
guerrillas  must  be  increased  from  80,000  ft*  to 

Ak  —  R?Anx  *  (200)(1 125)  *  225,000  ft*.  (28-120) 

Thus,  the  guerrillas  must  realize  that  their  salvation  lies  in  hiding  and  occupying  a  larger  area 
(spreading  out),  especially  to  split  the  regulars  as  much  as  possible. 

28-9.2  WINNING  CHANCES  FOR  GUERRILLA  WARFARE 

The  stochastic  treatment  of  guerrilla  warfare,  or  the  probability  of  winning  in  an  ambush  engage¬ 
ment,  has  been  studied  by  Kisi  and  Hirose  (Ref.  13)  and  Smith  (Ref.  14).  In  fact,  Kisi  and  Hirose 
(Ref.  1 3)  developed  an  approximation  for  Blue  or  Red  winning  based  on  the  work  of  Brown  (Ref.  11) 
in  par.  28-8.  Kisi  and  Hirose  (Ref.  13)  set  up  the  following  formulation: 

1.  Every  unit  of  Red  (Guerrilla)  (ires  at  Blues  (Regulars  or  Counterguerrillas)  with  an  exponen¬ 
tially  distributed  time  interval  with  mean  1/A',  and  single  shot  kilt  probability  pi,. 
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2.  The  distribution  of  time  intervals  between  successive  firing  of  Blue  (Regulars)  follows  an  ex¬ 
ponential  distribution  with  mean  1/A. 

3.  Blue  firing  is  distributed  uniformly  over  an  area  A ,  and  the  effective  lethal  area  per  Blue  shot  is 
Al,  and  is  considered •  so  small  that  two  or  more  guerrillas  are  never  killed  by  a  single  Blue  shot. 
Then  the  chance  pB  that  the  first  casualty  after  time  t  occurs  for  Blue  is 

pa  =  g/(B  +  a)  (28-121) 

and  pR  for  Red  is 

pR  -  B/(B  +  a)  (28-122) 

where 

a  =  \'p„A/(\AL).  (28-123) 

As  a  final  definition,  Kisi  and  Hirose  select  the  cutofi  point — or  withdrawal  from  battle  number — for 
Blue  to  be  a  designated  number  B*  which  may  be  zero,  and  that  for  Red  to  be  R*. 

With  the  given  formulations,  the  approximate  chance  P(B,R )  that  Blue  wins  is 

P(B,R)  *  £  J(5*  -  (2?*)*]/ (2  a)}1 exp{  —  [B*  -  (B*)*]/(2«)}/i !  (28-124) 

l-R-R 


and  that  for  Red  is 

1  —  P{B,R)  —  sum  of  Eq.  28-124  from  0  to  (/?  —  /?*  —  !). 

For  a  sample  computation,  Deitchman’s  analysis  indicates  that  the  a  of  Eq.  28-123  is  about  500  for 
guerrilla  warfare.  Thus,  if  we  take  a  m  500,  B*  »  Rm  *  0,  and  B  =*  100  and  R  =  10,  then  the  chance 
that  Blue  annihilates  Red  using  Eq.  28-124  is  found  to  be  0.546,  whereas  the  exact  value  is  0.542 — a 
negligible  difference. 

We  record  here  that  Deitchman’s  “deterministic”  model1  for  guerrilla  warfare  gives  equality  of 
strength  or  fighting  power  at  any  stage  to  be 


[B*  -  (B*)*]/(2a)  -  if  -  R *. 


Moreover,  if  the  strength  of  the  Regulars  were  reduced  from  B  to  B*  at  some  tipie  /,  say,  then  there 
would  be 


(5*  -  (BV]/(2a) 


guerrilla  casualties  at  the  same  time,  and  Eq.  28- 1 24  may  be  referred  to  as  the  stochastic  counterpart. 

We  see  that  this  analysis  allows  for  a  breakpoint  B*  for  Blue  such  that  Blue  would  withdraw  from 
battle,  and  a  breakpoint  R*  for  Red — indicating  a  more  reasonable  and  more  practical  requirement 
than  complete  attrition  on  a  side.  (Battle  breakpoints  are  discussed  in  par.  28-11.) 
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Finally,  Kisi  and  Hirose  point  out,  as  one  might  expect,  tha:  the  number  of  casualties  for  the 
guerrillas  is  a  random  variable  having  a  Pc.sson  distribution  with  mean  eo’ial  to  Eq.  28-126. 

For  some  further  enlightening  study  on  guerrilla  type  warfare,  the  reader  should  consult  Schaffer 
(Ref.  15). 

28-10  SOME  CONSIDERATIONS  OF  THE  ATTRITION  COEFFICIENTS 

We  now  come  to  cne  of  the  critical  issues  concerning  Lanchester  type  models  of  combat,  and  that  is 
the  realistic  determination  of  the  attrition  coefficients  or  the  kill  rates.  In  this  connection,  we  have 
already  indicated  that  the  attrition  coefficients  may  be  estimated,  somewhat  “passively”,  by  the  use  of 
equations  such  as  Eq.  28-1.  We  see  easily  that  in  using  kill  rates  so  determined  one  is  dealing  primarily 
with  three  components — i.e.,  the  chance  of  a  hit  upon  the  target,  the  conditional  chance  that  a  hit  is  a 
bill,  and  the  rate  of  fire  of  the  weapon.  Thus,  the  chance  of  hitting  will  very  drastically  with  range  to 
the  target,  whereas  the  conditional  probability  that  a  hit  is  a  kill  will  not  necessarily  vary  so 
drastically,  although  it  will  vary  some.  The  rate  of  fire  of  a  weapon  will  not  be  dependent  on  target 
range,  although  it  is  true  that  the  rapid  fire  weapons  are  used  predominately  at  the  shorter  rang  s,  and 
large  artillery  or  missile  warheads  fired  for  the  long  ranges  will  naturally  have  relatively  slow  rates  of 
fire. 

From  this  discussion,  therefore,  we  see  that  the  attrition  coefficients  cannot  possibly  be  constant,  as 
we  have  more  or  less  used  them  heretofore.  Moreover,  it  may  not  be  proper  or  realistic  to  use  average 
kill  rates  over  the  ranges  of  engagement  which  two  opposing  forces  fight  each  other.  In  other  words,  wc 
may  be  dealing  with  a  very  complex  problem  indeed,  although  some  of  the  simpler  models  could  be 
adequate  for  some  applications  or  fighting  conditions.  Therefore,  the  problem  of  modeling  combat 
adequately  may  become  quite  complex  indeed — even  for  the  kill  rates  or  attrition  coefficients  alone — 
to  say  nothing  about  the  best  choice  of  model  otherwise,  trying  to  model  ♦  he  terrain  features  encoun¬ 
tered,  weather,  command  and  control,  etc.  Then  again,  many  of  us  are  in  agreement  that  combat  is 
bound  to  involve  stochastic  considerations  which  may  often  turn  out  to  be  very  influential  in  all  types 
of  warfare. 

Bonder  (Ref.  16)  has  made  a  study  of  the  Lanchester  attrition  rate  coefficients  by  hypothesizing  that 
such  coefficients  are  random  variables  following  some  probability  distribution,  since  the  concept  of  an 
“average  value  implies  a  distribution”.  Bonder’s  treatment  (Ref.  16)  is  conditioned  on  the  number  of 
rounds  that  must  be  fired  to  destroy  a  target,  and  involves  some  of  the  more  basic  considerations  of  the 
time  to  acquire  targets,  time  to  fire  the  first  round,  time  to  fire  subsequent  rounds  given  a  hit  or  a  miss 
on  the  preceding  round,  projectile  time  of  flight,  and  other  events  of  firing.  Bonder  derives  an  expres¬ 
sion  for  the. probability  densitv  of  the  attrition  rate  and  indicates  that  it  is  the  reciprocal  of  the  total 
time  to  defeat  a  target,  as  one  would  surmise,  and  as  we  have  brought  cut  heretofore.  The  criticality  of 
the  ranges  to  targets  is  brought  out  in  Ref.  16  only  in  terms  of  such  implication  as  range  affects  the  fac¬ 
tors  just  mentioned. 

Barfoot  (Ref.  17)  is  somewhat  critical  of  Bonder’s  analysis  and  argues  that  a  valid  prediction  of  the 
average  attrition  should  be  obtained  by  using  the  harmonic  mean  of  the  variable  attrition  rates  rather 
than  the  arithmetic  mean.  He  points  out  that  this  change  results  in  a  constant  Lanchester  attrition  rate 
coefficient  being  defined  as  the  reciprocal  of  the  expected  time  to  kill  a  target,  and  he  gives  an  alternate 
method  for  obtaining  the  coefficients.  Bonder  (Ref.  18)  then  shows,  nevertheless,  that  his  methodology 
of  Ref.  16  leads  to  an  average  or  expected  time  to  kill  a  target,  the  reciprocal  of  which  may  be  used  as 
the  average  attrition  rate,  and  hence  takes  care  of  Barfoot ’s  objections — at  least  for  the  case  of  a  single 
target  kill  probability. 
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One  of  the  original  and  profound  treatments  of  the  targe*  range  problem  is  r.o  doubt  that  of  Weiss 
(Ref.  19)  who  extended  Lanchester  type  combat  theory  to  the  relative  movement  of  forces,  combat 
among  small  groups  of  forces  in  the  presence  of  large  areas  of  effectiveness  for  weapons,  and  combat 
between  heterogeneous  forces  with  consideration  of  the  problem  of  target  assignment.  Indeed,  Weiss’ 
paper  (Ref.  19)  and  some  of  his  s  ibsequent  studies  represent  several  major  contributions  to  combat 
theory  (see  par  29-3). 

Taylor  (Ref.  20)  shows  hew  to  obtain  a  solution  to  Lanchester  type  equations  for  combat  be'ween 
two  homogeneous  forces  when  the  attrition  rates  arc  variable,  but  their  quotient  is  nevertheless  a  con¬ 
stant  throughout  the  battle.  Also,  I  aylor’s  solutions  are  developed  for  either  time  or  force  separation 
as  the  independent  variable.  Indeed,  one  may  easily  appreciate  the  dependence  between  time  of  battle 
and  the  closing  of  opposing  forces  in  range  against  each  other. 

In  summary,  we  might  say  that  the  whole  matter  of  determining  attrition  rates  for  Lanchester’s 
combat  equations  needs  much  more  research.  Also,  we  should  not  forget  that  the  analysis  of  available 
data  from  actual  bmtles  such  as  that  by  Engel  for  Iwo  Jima  (Ref.  6)  remains  quite  relevant  for  study  of 
the  attrition  rate  problem  and  the  validation  of  models. 

28-11  BREAKPOINTS  OF  BATTLES 

Anorht r  critical  issue  concerning  the  analysis  or  modeling  of  combat  has  to  do  with  breakpoints,  or 
when  and  under  just  what  circumstances  will  one  of  the  opposing  forces  withdraw?  Clearly,  and  es¬ 
pecially  as  time  marches  on,  it  now  seems  very  unrealistic  to  assume  that  sides  will  fight  to  annihila¬ 
tion  as  in  nlden  times  perhaps.  Hence,  stopping  criteria  for  battle  disengagement  need  considerable 
study  if  analyses  are  to  be  used  for  prediction  purposes.  Some  investigators  have  suggested  that  a  side 
might  withdraw  or  disengage  from  battle  when  it  has  suffered  some  25%  or  30%  casualties,  for  exam¬ 
ple,  or  a  tank  unit  might  disengage  wiien,  say,  40%  of  its  tanks  are  lost,  etc.  Helmbold  (Ref.  21)  has 
studied  various  reasons  for  breaking  battle,  and  apparently  found  nothing  very  systematic  for  battle 
breakpoint  criteria  that  could  really  be  depended  upon  as  anything  approaching  universality.  In  fact, 
many  commanders  withdrew  for  unexplained  reasons.  Blakesiee  (Ref.  22)  reviewed  and  analyzed  all 
available  studies  on  battle  breakpoint  casualty  criteria.  He  found  that  percent  casualties  may  still  be 
the  best  criterion  to  use,  and  that  the  breakpoint  in  percent  casualties  for  the  attacker  was  only  one- 
1  alf  of  that  for  the  defender.  Moreover,  a  considerable  amount  of  randomness  should  be  expected,  es¬ 
pecially  for  the  defender. 

In  spite  of  the  limitations  and  state  of  the  art  of  analyses  on  attrition  coefficients  and  battle  break¬ 
points,  however,  there  recently  has  been  developed  some  new  thoughts  and  a  fresh  approach  to  the' 
analysis  of  combat  type  data,  both  of  which  might  help  to  circumvent  some  of  the  old  problems.  This, 
we  take  up  next  as  the  final  topic  of  this  chapter. 

28-12  A  NEW  FORMULATION  OF  LANCHESTER  TYPE  COMBAT  THEORY 
28-12.1  BACKGROUND  AND  BASIC  APPROACH 

Up  to  this  point,  the  reader  will  no  doubt  have  acquired  some  appreciation  for  many  of  the  dif¬ 
ficulties  of  modeling  combat  or  obtaining  suitably  accurate  predictions  in  studying  new  weapons  and 
tactics  for  a  future  conflict.  Our  account  of  combat  theory  here  so  far  has  been  concerned  primarily 
with  numbers  of  opposing  elements,  or  weapons,  etc.,  on  each  side  for  several  Lanchester  type  models 
of  combat  and  the  attrition  coefficients  or  kill  rates.  However,  any  realistic  representation  of  combat 
must  involve  many  other  considerations  such  at  terrain,  line  of  sights  to  targets,  target  detection  prob¬ 
abilities,  command  and  control  procedures,  and  other  characteristics.  Thus,  we  face  an  enormous  and 
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r.-.ther  complex  problem,  a;;  the  reader  will  appreciate  no  doubt.  Hence,  is  there  another  approach  to 
the  problem  of  analyzing  combat  ata  in  some  way  that  might  be  helpful?  Or,  is  it  perhaps  possible  to 
approach  the  battle  description  problem  in  terms  of  fewer  variables  or  parameters?  Recalling  that  at¬ 
trition  rates  are  tied  in  with  the  reciprocals  of  kill  times  at  which  targets  are  deleted  from  the  battle¬ 
field.  then  one  might  possibly  consider  the  problem  of  analyzing  only  kill  time  data.  Hence,  suppose 
ihat  we  have  at  hand  target  kill  time  data  from  an  actual  battle  of  the  past,  or  kill  time  data  from  a 
"realistic”  battle  simulation,  or  a  war  game  played  on  a  computer,  or  even  such  data  as  they  occur 
from  an  actual  battle  (especially  in  the  early  stages)  in  the  field.  This  latter  consideration  is  one  of 
some  importance,  for  commanders  in  the  field  now  have  sufficient  intelligence  resources  to  gather  such 
critical  information,  and  they  also  have  sufficient  computer  capability  to  analyze  data  rather  rapidly. 
Analyzing  the  situation  a  bit  further,  one  may  see  that  the  side  v,i»ich  loses  too  much  of  his  combat 
capability  first,  or  before  the  other  side  does,  will  of  necessity  have  to  come  to  grips  with  the  problem  as 
to  whether  he  -hould  withdraw,  or  break  battle — perhaps  hoping  for  reinforcements,  or  to  fight  later 
u:;de-  much  improved  conditions.  Hen.e,  the  faster  a  side  loses  his  key  elements,  weapons,  etc.,  as 
compared  to  the  other  side,  then  the  closer  he  comes  to  defeat.  This  background  brings  forward  the 
idea  of  Grubbs  and  Shu  fa-  d  Ref.  23),  who  examine  the  problem  of  working  with  kill  times  in  battles 
or  simulations  for  the  >  elements,  weapons,  targets,  etc.,  of  interest.  They  point  out  that  Lan- 
chester's  differential  equations  of  combat  are  inherently  deterministic  in  nature,  although  considerable 
effort  has  been  devoted  in  recent  years  to  introducing  stochastic  treatments  into  the  theory,  for  exam¬ 
ple,  by  dealing  with  transition  probabilities  and  ‘‘variable’*  attrition  coefficients.  They  also  advance 
the  advantageous  idea  that  the  time  to  kill,  or  time  to  neutralize  key  opposing  targets,  is  the  more 
logical  random  variable  to  be  treated  on  a  probabilistic  basis,  and  hence  that  the  fraction  of  remaining 
combatants  on  each  side  should  properly  be  estimated  from  the  time-to-kill  probability  distributions 
sampled— in  other  words,  from  principles  of  the  statistical  theory  of  reliability  and  life  testing.  The  ad¬ 
vantages  of  such  treatment  include  the  possibility  that  the  future  course  of  a  battle  may  be  predicted 
from  data  on  casualties  in  the  early  stages  of  an  engagement,  and  therefore  that  field  commanders  will 
have  available  information  on  which  to  base  critical  decisions^ — for  example,  either  to  withdraw  or  ic 
augment  fighting  forces — in  order  to  bring  about  more  desirable  future  courses  of  combat  for  a  given 
mission:  Al^o,  commanders  may  even  use  the  analyses  suggested  independently  of  information  on 
enemy  losses  to  decide  whether  the  course  of  combat  is  proceeding  satisfactorily  or  according  to  plan 
by  comparing  data  on  early  casualties  observed  in  an  engagement  with  standards  that  have  been 
determined  from  experience  or  specified  in  advance.  Another  advantage  of  the  suggested  method  is 
that  available  Wribuil  theory  leads  to  placing  confidence  bounds  on  the  fractions  of  survivors  for  any 
specified  mission  times.  The  degree  of  confidence  on  final  predictions  depends,  as  would  be  expected, 
on  the  number  of  targets  put  out  of  action  in  an  engagement  or  limuiation,  the  nature  of  the  time-to- 
kill  distributions  encountered  or  sampled,  the  degree  of  accuracy  or  confidence  desired,  and  the  num¬ 
ber  of  runs  or  the  size  of  the  war  game 

In  other  words,  when  a  Blue  force  meets  a  Red  force,  or  one  stumbles  upon  the  other,  then  the  ensu¬ 
ing  battle  involves  changing  decisions  on  the  part  of  commanders,  many  human  variables,  the  random 
effects  of  terrain,  weather  conditions,  the  selected  or  available  weapon  mixes,  timely  deployment  and 
use  of  weapons,  accidental  occurrences  relating  to  the  reliability  and  maintainability  of  equinment, 
resupply,  etc.  Thus  it  is  perhaps  unnecessary  to  argue  further  that  many  conditions  leading  to  various 
degrees  of  randomness  are  ever-present,  that  the  variable  logically  treated  on  a  probabilistic  basis 
shouid  be  the  time  to  k\I  opposing  targets,  and  therefore  that  other  Lanchestcr  parameters  should  de¬ 
pend  in  a  probabilistic  manner  on  elapsed  times  in  battles,  in  particular,  when  kills  or  other  forms  of 
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attrition  occur.  As  a  matter  of  fact,  if  in  a  battle  one  were  to  tabulate  the  times  from  zero  at  which 
targets  are  destroyed  or  combatant  losses  occur  on  both  sides,  then  he  might  well  develop  a  better  un¬ 
derstanding  of  applied  combat  theory;  such  data  could  well  help  to  develop  general  Lanchester-type 
theory  further,  or  extend  our  knowledge  of  its  validity — but  such  data  are  now  unfortunately  hard  to 
acquire  since  the>  have  not  been  demanded.  Why  not  work  the  time  to  kill  concept  into  the 
Lanchester-type  theory  nevertheless  to  see  where  it  might  lead?  This  we  now  proceed  to  do  along  lines 
similar  to  the  ones  covered  in  some  detail  by  Grubbs  and  Shuford  (Ref.  23). 

28-12.2  THE  NEW  FORMULATION 

We  begin  with  the  concepts  of  par.  28-1 1.1  and  a  simple  argument.  As  before,  let  B0  and  Ro,  respec¬ 
tively,  represent  the  initial  numbers  of  Blue  and  Red  combatants,  target;,  or  fighting  units,  etc.,  that 
am  deemed  appropriate  as  key  elements  or  key  targets  in  an  engagement;  and  let  B  and  R  be  the  num¬ 
bers  remaining  on  each  side  at  a.iy  time  t  after  combat  has  begun.  Thus,  the  fractions  of  survivors, 
B/Bp  and  /?//?*  each  represent  quantities  that  will  vary  in  a  random  manner  from  unity  at  the  start  of 
a  ba»tle  down  to  some  fraction  (or  perhaps  to  zero),  at  the  time  the  engagement  ceases,  or  a  side  with¬ 
draws.  Moreover,  the  proportions  B/Ba  and  R/R»  clearly  vary  in  a  random  manner  with  time:  i.e., 
B  -  B{t)  and  R  /?(/),  and  indeed  they  are  the  fractions  of  survivors  on  the  two  sides  at  any  time  t,  in¬ 
cluding  also  perhaps  the  projected  or  assigned  “mission”  time  tm  to  reach  some  objective.  Therefore,  it 
can  be  argued  that  these  proportions,  or  a  function  thereo  could  be  related  to  various  forms  of  proba¬ 
bility  distributions  of  time  to  kill.  These  probability  distributio.is  of  time  must  involve  meaningful 
physical  definitions;  criteria;  or  descriptions  for  time  to  kill,  time  to  incapacitate,  time  to  failure  of 
equipment,  etc. ;  and  their  parameters  should  in  some  way  describe  the  “fighting  power”  or  capability 
of  a  side  at  the  random  times  required  to  kill  opposing  targets.  To  win  a  battle,  one  mu-t  kill  or  in¬ 
capacitate  before  his  opponent  disables  him.  In  this  connection,  it  is  well  known  that  the  two- 
parameter  Weibult  distribution  (actually  a  probability  distribution  of  R.  A.  Fisher  discovered  inde¬ 
pendently  tiy  Weibull)  can  be  used  to  represent  a  very  wide  variety  of  time  to  fail  (or,  in  this  case,  time 
to  kill)  probability  distributions.  Moreover,  the  fraction  of  survivors  at  given  times  in  life  tests  of  equip¬ 
ment  is  now  rather  widely  recognized  as  the  reliability  of  the  equipment.  In  general,  such  percentage 
or  fractions  of  survivability  could  be  equated  to  reliability  which  depends  upon  the  random  time-to-kiil 
variables  in  combat.  For  continuous  distributions  the  reliability  or  fraction  surviving  with  respect  to  a 
mission  time  tm  may  be  defined  as  the  integral  of  »<  appropriate  probability  density  function  {pdf) 
from  tm  to  a>.  Thus,  immediately  we  have  the  following  approximations  or  relations  for  remaining  frac¬ 
tions  of  Blue  and  Red  at  any  time  t  after  the  battle  starts: 


B/Bp  »  exp(— /&*}, 

b  -  m 

(a,0>O;  &0) 

(28-127) 

R/Rp  -  exp(-p/*), 

R  -  *(?), 

(p,S>0;  t£0) 

(28-128) 

where  0  -  0[t,R,B)  is  an  “attrition”  coefficient  for  Blue,  i.e.,  the  loss  or  failure  rate,  or  scale 
parameter;  and  a  m  a{t,R,B }  a  shape  parameter  for  the  time-to-kill  probability  distribution  encoun¬ 
tered.  These  parameters  represent  the  capability  of  Red  forces  to  destroy  Blue  targets,  Blue  to  protect 
himself,  etc.  In  combination,  we  might  say  that  a  and  0  represent  in  perhaps  an  obscure  way  the  “total 
fighting  power”  of  Red  against  Blue,  but  including  also  various  attrition  accidents  that  occur  to  Blue 
in  battle.  Similar  arguments  apply  to  Eq.  28-128.  By  the  notation  0  m  0{t,R,B),  for  example,  we  mean 
that  0  is  the  parameter  (constant)  of  a  life-time  chance  distribution  that  is  statistically  estimable  from 
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the  probabilistic  relation  between  the  remaining  Blue  and  Red  forces  with  time  Note  that  F.qs.  28-12' 
and  28-128  may  be  interpreted  as  the  chances  of  survival  of  a  Blue  or  a  Red.  respectively,  and  these 
proportions  may  approach  zero  theoretically,  but  not  practically,  in  mosr  battle;. 

The  suggested  use  of  the  YVeibull  distributions  in  Eqs.  28-127  and  28-128.  along  with  th<*  proposed 
method  of  analyzing  data  from  combat  or  simulations,  requires  some  discussion  and  charac  terization 
for  further  justification.  To  begin  with,  we  do  not  take  the  approach  often  used  in  ?he  past  in  which  one 
is  interested  in  changes  in  the  numbers  of  combatants  or  key  targets  for  individual  engagements,  bat¬ 
tles,  etc.  Rather,  we  visualize  the  concept  of  sampling  populations— that  is  to  say.  a  v  ery  large  number 
of  similar  engagements  or  battles — and  we  concentrate  on  studying  a  sample  engagement  that  is 
“representative”  of  the  hypothesized  general  characteristics  of  many  battles  in  me  supposed  environ¬ 
ment.  We  regard  the  outcome  of  individual  engagements  or  battles  as  being  accidental  in  character, 
and— except  for  superior  weapons,  tactics,  favorable  weather,  terrain,  etc. — one  side  may  sometimes 
"win ’over  the  other  due  to  chance.  If  it  were  possible  to  fight  out  many  such  engagements  or  carry  out 
a  very  large  number  of  simulations,  we  could  obtain  the  desired  characteristics  of  the  population  in 
great  detail.  However,  since  there  will  rarely  ever  be  time  for  this  and  the  cost  would  be  high,  it  seems 
of  value  to  make  inferences  from  samples  representing  combat  situations  to  the  populations  of  such  en¬ 
gagements  or.battles.  This  appears  to  us  to  be  precisely  what  we  should  be  getting  at  in  individual,  or  a 
few,  simulations  of  combat.  In  particular,  for  example,  we  may  be  interested  in  running  a  sample 
simulation  of  a  combat  situation  in  order  to  see  whether  or  not  it  is  likely  that  our  choice  of  weapons, 
the  tactics  employed  in  using  them,  and  certain  command-and-contro!  princ:pies  would  overcome  and 
defeat  an  enemy  with  somewhat  different  weapon  capabilities  in  the  same  hypothesized  battle  envi¬ 
ronment. 

For  our  purposes  here,  therefore,  we  regard  the  pioblem  of  analyzing  combat  as  that  of  sampling 
two-sided  mutually  interacting  failure  situations  or  games  in  which  time  is, of  the  essence,  since  one 
side,  if  he  expects  to  win,  must  put  targets  on  the  other  side  out  of  action  before  his  own  fighting 
capability  is  destroyed.  The  quicker  Blue’s  weapons  and  tactics  bring  the  Red  side  “to  its  knees”,  then 
the  better  for  Blue.  He  will  have  gained  command  of  the  battle  situation  before  Red,  who  must  now 
withdraw,  lose  further  men  and  equipment,  or  go  down  in  defeat.  Thus,  the  lifetimes  at  which  combat 
elements  are  put  out  of  action  seems  to  be  of  such  importance  that  we  must  concentrate  on  analyzing 
the  random  lifetimes,  times  to  Kill,  or  random  times  to  failure  of  combat  elements.  Moreover,  such  an 
analysis  would  give  a  summary  of  the  battle  conditions  understudy.  In  this  connection,  it  is  .iow 
rather  widely  known  that  the  class  of  probability  functions  krown  as  Weibui!  distributions  possesses  a 
very  attractive  capability  for  treating  (positive)  data  for  times  to  fail,  cycles  to  failure,,  mileages  to 
failure,  etc.  Thus,  it  seems  evident  that  Weibull  theory  may  be  applied  to  combat  data,  especially  life¬ 
times  for  the  combat  elements.  We  also  note  that  F.n^ei’s  analysis  (Ref.  6)  of  combat  data  for  the  iwo 
Jima  campaign  appears  to  support  an  exponential  type  of  decay,  which  is  a  special  case  of  Weibull 
probability  distributions.  Furthermore,  in  order  to  have  some  confienc  •  that  ou8  choice  of  a  class  of 
probability  distributions  will.be  “robust”  enough  to  cover  many  of  the  different  forms  of  *ime-to-kill 
distributions  that  might  occur  in  simulations  or  in  combat,  we  might  well  consider  the  two-parameter 
WVibull  di  tributions  for  which  the  pdf'  s  appear  in  Fig.  21-7. 

Of  course,  we  do  not  claim  that  Weibull  theory  will  apph,  to  ail  combat  situations  or  that  only 
Weibull  distributions  should  be  used;  for  in  fact  the  idea  advanced  here  of  analyzing  time-to-kill  data 
should  be  more  general  than  this.  Indeed,  other  forms  of  probability  distributions  such  as  the  Pearson 
Type  III  or  g’mms  distributions,  or  the  four-parameter  Pearson' Type  I  or  beta  distributions,  could 
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aiso  be  considered,  or  even  some  very  special  probability  distributions  that  accurately  describe  par¬ 
ticular  combat  engagements.  Nevertheless,  we  do  point  out  that  there  are  some  rather  distinct  advan¬ 
tages  to  using  Weibull  theory  at  the  present  time.  In  particular,  statistical  investigators  have  concen¬ 
trated  on  and  worked  out  a  considerable  volume  of  useful  theory  concerning  the  Weibull  two- 
parameter  probability  distributions,  and  have  been  able  to  place  confidence  bounds  on  the  true,  un¬ 
known  fraction  of  survivors  in  the  populations  by  using  either  a  complete  random  sample,  or  truncated 
data.  Although  we  believe  this  accomplishment  could  be  attained  eventually  for  many  classes  of  pdf ’s, 
it  may  ricertheless  take  many  years,  and  we  feel  that  the  presently  available  Weibull  theory  can  be 
used  immediately  and  to  considerable  advantage  in  the  analysis  of  simulated  or  combat  data.  Also, 
much  computer  time  can  be  saved.  The  analyses  suggested  here  apply  only  to  the  two-parameter 
Weibull  theory,  of  course.  Also,  we  believe,  as  apparently  does  Engel,  that  the  parameters  should 
properly  be  estimated  from  two-sided  conflict  engagement  data.  It  may  be  possible  to  use  weapon 
rates  of  fire,  lethality,  delivery  accuracy,  mobility  '“haracteristics,  target  vulnerability,  etc.,  to  estimate 
the  parameters  in  advance,  but  we  ,do  not  see  now  just  how  this  can  be  done  from  one-sided  or 
“passive”  weapon  characteristics  not  including  enemy  return  fire. 

We  might  derive  Eqs.  28-127  and  28-128  somewhat  formally  from  the  consideration  that  B/  B0  = 
B(t)/B0  is  the  fraction  of  Blue  forces  remaining  at  time  /;  or  the  chance  that  a  Blue  combatant,  tank 
target,  or  fighting  unit,  etc.,  will  survive  to  time  /;  and  hence  that  (50  ~  B)/B0  is  the  chance  of  a  Blue 
combatant  being  lost  by  time  t.  Thus,  we  may  hypothesize  that  (B0  —  B)/B0  is  the  cumulative  chance 
of  kill  for  Blue  within  the  random  time  t  and  that  furthermore  the  time  derivative  of  this  quantity  can 
be  equated  to  a  probability  density  function  of  times  to  kill  or  lifetimes.  In  summary,  we  say,  for  exam-, 
pie,  that 

dF/dt  =.  (\/Bn) [d{B0  -  B)/dt]  »  a/fra-‘exp(-/8/a)  (28-129) 

* 

where  the  left-hand  side  is  the  fractional  rate  of  losses  for  Blue  and  the  right-hand  side  is  the  two- 
parameter  Weibull  pdf  for  the  time  to  kill  Blue  targets.  Integrating  Eq.  28-129,  we  obtain  immediately 

B  =  Boexp(-0ta).  (28-130) 

The  Weibull  pdf  has  been  suggested  here  because  of  its  inherent  generality  in  describing  accurately  the 
various  possible  shapes  of  time-to-kill  distributions  occurring  in  combat.' 

Also,  we  could  argue  that,  since  ( B0  —  B)/Bt  is  the  fraction  of  losses  for  Blue,  then  the  conditional 
failure  rate  for  Blue,  given  survival  to  some  time  t,  may  be  described  somewhat  generally  in  the  form 

[Bf(t)/Bo]/[B(t)/B0]  =  -  a{3t-'  (28-131) 

where  the  right-hand  side  depends  on  the  time  of  battle  and  B'(t)  is  the  time  derivative  of  5.  That  is  to 
say,  the  conditional  failure  or  loss  rate  of  Blue  forces  may  vary  with  some  power  of  time,  possessing  the 
generality  of  an  increasing,  constant,  or  decreasing  kill  rate.  Hence,  we  get  immediately  that 
ln[5(f)/50]  =  -/St"  or,  as  before,  B(l)/B0  -  exp (—/?/*). 

Now  the  fractions  of  survivors,  or  the  “reliabilities”  given  by  Eqs.  28-127  and  28-128,  as  we  have 
already  indicated,  can  really  encompass  a  wide  range  of  probability  distributions  on  time  for  combat 
engagements.  In  fact,  the  two-parameter  Weibull  pdf  given  by 

f(t)  =  a0tm~lexp(—(Jtm)  (28-132) 
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is  somewhat  of  a  natural  choice,  for  it  can — by  p  oper  selection  of  the  shape  and  scale  parameters  c 
and  0 — vary  from  the  subexponential  to  the  exponential  (in  which  case  a  =  1,  and  the  conditional 
failure  or  kill  rate  is  constant  and  equal  to  0)  to  the  super-exponential  models  of  time  to  kill.  Indeed, 
various  combinations  of  a  and  0  even  include  the  normal  or  Gaussian  pdf,  as  well  as  skew,  platykurtic, 
and  leptokurtic  probability  distributions.  We  can,  therefore  through  the  use  of  the  Weibull  model, 
equate  the  random  fractions  of  Blue  and  Red  survivors  with  time  to  any  of  a  wide  variety  of  realistic 
probability  distributions  for  remaining  lives,  which  in  some  way  will  depend  on  the  “fighting  powers” 
or  combat  capabilities  of  the  opposing  sides.  If,  for  roughly  equal  forces,  the  chance  of  survival  for  Blue 
forces  (i.e.,  the  proportion  of  survivors  at  various  times  t)  consistently  exceeds  that  of  Red,  then  Blue 
obviously  has  the  advantage  in  an  engagement. 

28-12.3  PARAMETER  ESTIMATION  FOR  THE  WEIBULL  KILL  TIME  DISTRIBUTIONS 

We  have  already  discussed  methods  for  estimating  the  Weibull  scale  parameters,  0  and  p,  and  the 
Weibull  shape  parameters,  a  and  5,  in  Chapter  21.  In  particular,  if  the  kill  times  are  distributed  ex¬ 
ponentially,  then  the  reciprocal  or  the  mean  time  to  kill  for  either  Blue  or  Red  may  be  estimated  from 
Eq.  21-83.  The  recommended  methods  for  estimating  the  Weibull  scale  and  shape  parameters 
generally  are  covered  in  par.  21-8,  and  hence  need  not  be  repeated.  Nevertheless,  we  will  illustrate  the 
matter  of  parameter  estimation  and  the  details  of  analysis  in  an  instructive  example  which  follows. 


28-12.4  AN  INSTRUCTIVE  EXAMPLE 

EXAMPLE  28-8: 

In  a  study  of  the  effectiveness  of  antitank  missiles  as  the  main  armament  of  tanks,  it  was  decided  to 
simulate  a  “typical”  engagement  in  Western  Europe  for  a  certain  version  of  the  Chief  battle  tank 
(CBT)  versus  the  RIO  tank.  One  of  the  main  purposes  of  the  simulation  was  to  determine  whether 
missiles  could  successfully,  engage  opposing  tanks  at  longer  ranges  than  guns,  and  hence  obtain  an 
early  advantage  in  killing  enemy  tanks,  thereby  neutralizing  the  enemy  tank  force  and  obtaining  a 
given  objective  on  schedule.  In  particular,  a  mission  time  of  about  ,90  min  was  suggested  for  accom- 
.  plishing  the  objective. 

In  a  valley,  20  RIO’s  were  in  position  near  the  bottom  of  an  inclining  ground  area  leading  up  to  a 
town  of  key  importance  in  the  hills  of  the  general  battle  zone.  The  RIO’s  were  initially  in  defilade  and 
hence  not  easily  in  view  of  the  friendly  task  force  of  20  CBT’s  approaching  them.  At  about  2500  m, 
however,  the  RIO’s  opened  fire  on  he  approaching  CBT’s,  but  the  latter  were  out  of  range  for  very  ac¬ 
curate  fire  from  the  RIO’s.  As  a  result,  and  as  the  battle  proceeded,  the  first  tank  knocked  out  by  the 
missile  armament  of  approaching  CBT’s  was  an  R10  at  4  min  after  the  engagement  had  started.  In  8 
min,  one  CBT  had  come  within  range  of  the  RIO’s  and  was  killed.  In  summary,  five  RIO’s  were 
knocked  out  at  4,  9,  15,  23,  and  43  min  elapsed  time  from  the  beginning  of  the  engagement.  On  the 
other  hand,  three  CBT’s  were  killed  at  8,  13,  and  24  min,  and  later  at  60  min  another  CBT  was  finally 
"knocked  out.  During  the  period  of  40-60  min,  it  was  thought  that  another  RIO  had  been  put  out  of  ac¬ 
tion,  but  a  heavy  fog  had  set  in,  nuking  such  determination  uncertain,  and  the  battle  was  stopped  just 
before  night.  With  these  data  on  times  to  kill  targets  on  each  side,  and  assuming  no  major  changes  in 
the  commanders1  tactics,  resupply,  etc.,  what  can  be  said  about  the  progress  and  outcome  of  such  a 
battle  in  general  had  it  continued  t  >  90  min,  assuming  the  available  data  represent  a  valid  sampling  for 
a  population  of  such  engagement:  ?  ' 

We  assume  that  the  time-to-kil  distributions  for  tank  targets  on  each  side  follow  two-parameter 
Weibull  probability  distributions  I  >ecause  of  the  wide  Variety  of  possible  shapes  for  fitting  such  data, 
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TABLE  28-8.  COMPUTATIONS  FOE  THE  INITIAL  SAMPLE  SIZES 
(B0  and  R0  for  Example  28-8) 


CBT  Data  (/?„  = 

20) 

R10  Data  (R,  = 

20) 

1, 

Int, 

A , 

c, 

In.', 

c, 

8 

2.079 

-0.408 

-0.244 

4 

1.386 

-0.273 

-0.193 

13 

2.565 

-0.386 

-0.239 

9 

2.197 

-0.259 

-0.191 

24 

3.178 

-0.346 

-0.223 

15 

2.708 

-0.234 

-0.181 

60 

4.094 

2.141 

0.706 

23 

3.136 

-0.200 

-0.166 

40 

3.689 

1.965 

0.732 

=  5.828  =  u 
2C,lnt,  -  1.061  =  1/d 
Thus,  dr  *  1/1.061  *  0.943,  and 
0  =  exp(— ap)  *  1/244  =  0.0041 
1/0  =  244 

(The  constants  .4,  and  C,  are  taken  fr 


Sdilni,  =  5.040  =  u 

2CM,  =  1.002  =  1/i 
Thus,  J  *  1/1.002  *  0.998,  and 
fi  =  exp(-J/i)  *  1/154  =  0.0065. 
1/p  =  154 
Mann,  Ref.  24.) 


and  we  proceed  to  estimate  the  parameters  so  that  an  appropriate  fit  can  be  obtained' to  describe  the 
probable  remainder  of  such  an  engagement.  For  quickness  and  convenience,  we  use  the  theory  and 
tables  of  Mann  (Ref.  24  or  par.  21-8.2.3)  to  estimate  a,  0,  8,  and  p,  although  other  methods  of  estima¬ 
tion  could  be  used  [for  example,  the  maximum-likelihood  estimates  of  Cohen  (Ref.  25,  or  par.  21- 
8.2.2)  or  of  Billman,  Antic,  and  Bain  (Ref.  26)].  in  order  to  use  Mann’s  estimates,  i.e.,  the  linear  in¬ 
variant  statistics,  it  is  convenient  to  tabulate  the  computations  for  the  initial  sample  sizes  and  R0  as 
shown  in  Table  28-8. 

From  these  results,  we  note  that,  since  the  estimates  of  the  shape  parameters  a  and  8  are  each  prac¬ 
tically  equal  to  one,  exponential  time-to-kill  distributions  may  be  used  to  describe  the  battle,  i.e.,  the 
losses  on  each  side.  In  fact,  the  estimated  true  mean  time  to  kill  an  R10  is  estimated  to  be  about  154 
min*.  To  put  this  result  another  way,  since  the  exponential  failure  distribution  involves  a  constant 
conditional  failure  rate  at  any  time  I,  the  instantaneous  kill  rate  lor  CBT’s  is  predicted  to  be 
0.0041/min.  and  that  for  RIO’s  to  be  0.0065/min. 

Since  the  single-parameter  negative-exponential  distribution  seems  to  be  a  suitable  hypothesis  from 
these  estimates  of  shape  parameters  (a  *  1 )  for  the  small  numbers  of  kills,  we  can  estimate  the  scale 
parameters  0  and  p  (i.e.,  the  conditional  failure  rates)  from  Eq.  21-83.  We  have,  in  fact, 

1/0  —  cst(l/0)  =  [  £(|  +  (B0  —  f)tr]/r  (r  =*  number  of  kills) 

i- i 

=  [105  +  (16)(60)]/4  -  266  (vs  244) 

1/0  =  est(l/p)  =  [91  +  (15)(40)]/5  »  138  (vs  154) 
so  that  the  agreement  is  surprisingly  good  in  this  case. 

*Thi*  example  is  for  illustrative  purposes,  and  hence  we  do  not  imply  that  154  min  is  a  typical  or  average  combat  k,!|  time. 
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An  interesting  and  important  feature  of  our  method  is  that  we  may  easily  place  confidence  limits  on 
the  fractions  of  survivors  for  each  side.  For  example,  for  the  assumption  of  an  exponential  distribution, 
it  is  known  from  the  theory  of  Epstein  and  Sobel  (Ref.  27)  that 

2  ftf/0  =  x*(2  r)  (28-133) 


where 

9  =  l//?or  1/p 
9  =  \/$ov  \/fr 

X*(2 t)  -  chi-square  with  2r  degrees  of  freedom. 

That  is  to  say,  2r0/0  and  2 rp/ji  are  each  distributed  in  probability  as  the  well  known  chi-square,  and 
hence— since  the  true  unknown  fraction  of  Blue  survivors  is  exp(— fit),  and  that  for  Red  is  exp(-pt) — 
we  may  determine  confidence  limits  for  the  true  fractions  of  survivors  as  follows. 

We  start  with 

MxlVr)  <,  X*(2 r)  =  2 rt/6  £  x?-*(2r)]  =  1-2 a  (28-134) 

where  xi  is  the  lower  a  probability  level  and  x*-«  the  upper  a  probability  level  of  the  chi-square  dis¬ 
tribution  for  2r  degrees  of  freedom.  Hence,  for  a  mission  tm  we  can  convert  this  probability  statement 
to 


Pr[tmXl{2r)/{2r9)  <,  tm/$  Z  tmXUa(2r)/(2rt)) 

=  /V[exp{-/wx!-«(2r)/(2r0)}  ^  exp (~tm/0)  <  exp{-tmXi(2r)/(2ri))}]  =  1  -  2a. 

(28-135) 

But  exp  (—0tm)  =  B/B9  and  exp  =  R/R«  for  any  mission  tm,  and  thus  we  have  lower  and  upper 

confidence  limits  on  the  true  unknown  fractions  of  Blue  and  Red  survivors.  Thus,  had  the  tank  battle 
gone  to  1.5  hr  (90  min),  we  could  state  for  the  assumption  of  an  exponential  distribution  that 

Pr{B/B9  Z  exp{-f  JX\-m{2r)/{2rO)\)  =  1  -  a 

« 

or 

Pr[B/B9  £  exp{— (90)(l/266)xo.*«(8)/8}  =  0.52]  =  0.95. 

In  other  words,  we  state  with  95%  confidence  that  at  least  52%  (10.4)  of  the  CBT’s  will  survive  after  90 
min  of  such  a  battle.  On  the  other  hand,  we  can  only  say  that  at  least  30.4%  (6.0)  of  the  RIO’s  will  sur¬ 
vive  after  90  min,  again  with  95%  confidence. 

With  two-sided  confidence  limits  based  on  x*.«m(8)  =  2.18,  x*.m(8)  »  17.53,  xi.a*»(10)  =  3.25,  and 
X«.m(10)  ■  20.48,  we  can  state  with  95%  confidence  that  at  90  min  the  fraction  of  surviving  CBT’s  will 
be  between  0.48  and  0.91,  while  for  the  same  confidence  level  the  fraction  of  surviving  RIO’s  will  lie  be¬ 
tween  0.26  and  0.81 ,  Of  course,  the  widths  of  the  confidence  intervals  depend,  markedly  on  the  number 
of  kills,  the  conditional  failure  rate,  the  mission  time,  and  the  confidence  level;  in  this  illustration,  we 
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are  dealing  with  data  from  a  rather  limited  engagement  too  sparse  to  allow  us  to  infer  very  precise 
statements  about  the  general  population.  For  the  mission  time  of  90  min,  the  estimated  fractions  for 
point  estimates  of  surviving  CBT’s  and  RIO’s  are,  respectively,  exp(— 90/266)  =  0.71  and 
exp(— 90/138)  =  0.52  for  further  population  inferences.  Should  more  precise  information  be  desired, 
the  simulation  could  be  carried  further,  repeated,  or  the  problem  enlarged  in  consonance  with  the  im¬ 
portance  of  the  decision  to  be  made. 

In  this  example  we  have  concentrated  properly  on  placing  confidence  bounds  on  fractions  of  sur¬ 
vivors;  however,  if  desired,  relevant  statistical  literature  is  available  for  comparing  the  Blue  and  Red 
population  parameters. 

We  have  indicated  that  confidence  bounds  can  be  estimated  also  for  the  reliability  or  proportion  of 
survivors,  /?(/„)  =  B(tm)/Ba  =  1  —  F(tm)  =  exp(— /3 /“)  related  to  the  Weibull  distributions  of  time  to 
kill,  i.e.,  for  a*  1  and  5^1  in  Eqs.  28-127  and  28-128.  This  recent  work  has  been  carried  out  by  N.  R. 
Mann  (Ref.  28),  and  should  prove  to  be  most  useful  indeed  to  the  weapon  systems  analyst. 

28-12.5  SOME  REFLECTIONS 

As  mentioned  earlier,  it  is  difficult  under  ordinary  circumstances  to  obtain  times  at  which  casualties 
occur  in  actual  battles — especially  such  data  for  the  opposing  side.  Nevertheless,  in  realistic  simula¬ 
tions  of  battles  or  computer  games,  etc.,  one  can  acquire  the  needed  data  and  hence  have  at  hand  in¬ 
formation  to  judge  the  probable  future  outcomes  of  engagements  by  using  the  method  suggested  here. 
Also,  data  obtained  in  a  natural  manner  on  the  friendly  side,  with  no  such  information  at  all  on  enemy 
casualties,  may  be  of  considerable  importance.  For  example,  as  we  have  indicated  the  Army  in  the 
field  carries  computers  as  part  of  its  equipment  at  the  present  time.  Hence,  if  Blue  were  in  a  battle  and 
had  been  allocated  a  certain  time,  say  3  h,  to  accomplish  an  objective,  then  computations  could  be 
made  in  the  field  and  during  the  battle  to  arrive  at  estimates  from  the  Blue  casualties  occurring,  say, 
during  the  first  30,  45,  or  60  min  of  battle.  From  these  data  the  shape  of  the  appropriate  Weibull  pdf 
could  be  determined  and,  hence,  the  remaining  Blue  survivors  at  the  mission  time  of  three  hours  could 
be  predicted.  (We  remark  in  this  connection  that  truncating  a  simulation  or  battle  at  some  predeter¬ 
mined  fixed  time  as  compared  to  that  of  a  fixed  number  of  casualties  would  lead  to  somewhat  different 
methods  of  estimation.)  If  this  estimated  fraction  of  survivors  is  expected  or  is  satisfactory,  then  Blue 
proceeds;  otherwise,  higher  headquarters  would  be  so  advised  and  hence  have  important  information 
on  which  to  base  any  decision  to  withdraw,  throw  additional  units  into  the  battle,  etc.  Furthermore, 
standard  values  of  the  Weibull  parameters  0  and  a  can  be  developed  from  experience,  and  hence  com¬ 
puted  casualties  as  a  function  of  time  could  be  compared  with  observed  rates  in  a  simulation  or  actual 
battle  to  determine  whether  requirements  are  satisfactorily  met,  or  various  alternative  actions  should 
be  taken  by  commanders.  Moreover,  confidence  bounds  may  be  placed  on.  the  predictions. 

Finally,  other  forms  of  probability  distributions  could;  of  course,  be  fitted  to  observed  time-to-kill 
data  on  targets  in  a  battle  or  simulation — for  example,  the  gamma,  lognormal,  or  especially  the 
extreme-value  distribution — although  it  is  believed  that  the  two  parameter  Weibull  model  suggested 
here  represents  a  single  form  of  distribution  that  will  be  sufficient  for  many  battle  situations  of  interest. 

For  an  application  using  Lanchester  type  combat  theory  to  study  armor  protection,  firepower,  and 
mobility  for  tanks  see  Ref.  29. 

28-12.6  STOPPING  RULES  TO  CONTROL  RISKS  FOR  EXPONENTIAL  LIFETIME  WAR 
GAMES  OR  SIMULATIONS  _ 

A  problem  of  considerable  interest  and  importance  in  military  operations  research  is  that  of  provid¬ 
ing  appropriate  stopping  rules  for  war  games  and  computerized  simulations  of  combat.  Past  practice 
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has  been  to  run  many  simulations  in  order  to  study  the  variation  in  outcomes  of  a  stochastic  game  and 
hence  arrive  at  some  idea  of  the  confidence  that  might  be  placed  on  the  results.  The  new  formulation  of 
Lanchester  combat  theory  in  par.  28-12,  makes  possible  the  analyses  of  results  in  terms  of  random 
times-to-kill  in  battle.  Hence,  in  accordance  with  the  statistical  theory  of  reliability  and  life-testing, 
our  new  procedure  has  the  at  antage  that  stopping  rules  may  be  found  for  games  with  exponential  life 
times  of  combat  elements  si'  ply  by  using  statistical  decision  theory.  Shuford  and  Grubbs  (Ref  30) 
have  solved  this  military  operations  research  problem  and  an  example  of  the  analytical  solution  is  pre¬ 
sented  here. 

Consider,  for  example,  what  actually  may  be  a  typical  problem  faced  in  the  weapon  acquisition 
process.  Should  Blue  forces  equip  its  new  main  battle  tank  (say,  the  XM 1 )  with  missiles  or  guns  to  op¬ 
pose  effectively  Red’s  new  battle  tank  (call  it  the  RIO),  which  is  equipped  with  guns?  When  Blue  tanks 
are  equipped  with,  guns,  we  might  assume  that  the  Blue  force  would  normally  lose  about  25%  of  its 
tanks  on  the  average  in  the  first  90  min  of  combat.  (This  25%  loss  could  have  been  predicted  by  using  a 
detailed  computer  simulation  model  or  verified  from  historical  records.)  The  proponents  of  the  missile 
armament  for  the  Blue  XM1  might  claim  that  the  Blue  force  would  lose  only  10%  of  its  tanks  in  90 
min.  How,  therefore,  may  we  settle  the  issue? 

A  study  team  decides  that  if  it  can  be  reasonably  sure  that  the  fraction  of  XMl’s  surviving  after  90 
min  of  battle  is  in  fact  as  high  as  90%  when  armed  with  missiles,  the  change  should  be  made.  If,  how¬ 
ever,  the  Blue  fraction  surviving  after  90  min  appears  to  be  close  to  75%  the  change  would  not  be  ‘  cost- 
effective”.  The  study  team,  therefore,  decides  to  test  the  following  battle  hypothesis  for  Blue’s  missile 
imminent: 

H o  =  The  fraction  of  Blue  XMl’s  surviving  at  mission  time  tm  -  90  min  is  0.90,  against  the  alter¬ 
native  hypothesis 

HA  =  The  fraction  of  Blue  XM  1  ’s  surviving  at  mission  time  tm  =  90  min  is  only  0.75. 

The  team  also  decides  that  the  acceptable  risk  of  rejecting  //#  when  it  is  actually  true  should  be 
about  5%  (chance  of  a  Type  I  error  is  y  =  0.05);  and  that  an  assurance  level  of  90%  is  required  for  re¬ 
jecting  H9  when  it  is  false  and  HA  is  true,  or  chance  of  a  Type  II  error  is  put  at  v  =  0.10. 

Since  pretests  with  the  simulation  model  and  analyses  of  actual  tank  battles  show  that  the  life-times 
of  tanks  in  combat  can  be  approximated  with  ah  exponential  distribution,  then  the  hypotheses  to  be 
tested  for  a  typical  mission  can  be  restated  as  follows: 

H„:  B/B9  =  exp(— <m/0o)  =  0.90  (28-136) 

Ha :  B/B0  -  exp (-tm/0A)  *  0.75.  (28-137) 

With  the  mission  time  tm  “  90  min,  the  problem  reduces  to  determining  whether  the  fraction  of  sur¬ 
vivors  or  the  “reliability,”  exp(-9O/0),  is  0.90,  or  as  low  as  0.75;  i.e.,  whether  in  an  engagement  the 
mean-time-to-kill  the  XM1  armed  with  missiles  is  $9  m  854.2  min,  or  is  as  low  as  $•  m  312.8  min. 
These  values  are  found  from  Eqs.  28-136  and  28-137,  respectively,  for  tm  =  90. 

Our  hypotheses  now  can  be  written  equivalently  as  HL:0t  “  854.2  min  versus  HA:9A  »  312.8  min. 
Our  problem  is  to  determine  the  number  of  kills  that  we  must  observe  before  we  can  truncate  the 
simulation  to  perform  our  test  of  significance  and  control  risks  as  previously  indicated. 

Grubbs  (Ref.  31)  has  shown  that  for  exponential  life-testing  and  the  case  where  6A<9%,  the  power 
function  of  the  test,  or  the  operating  characteristic  curve  of  the  significance  test  given  in  Eq.  28-138,  im¬ 
plies  that 
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Here,  ijy  is  the  lower  y  probability  level  of  the  standard  normal  distribution,  ij is  the  upper  v  proba¬ 
bility  level,  and  r  is  the  required  number  of  data  or  tank  kiii  times  required.  Solving  Eq.  28-133  for  r,  we 
find  that 

_ 4(1  ~  M)1 _ 

9|m> h  ~  “  ’ll-*)*  +  4(m  -  1)*]°'V 

A* 

»  y  (28-139) 

where  m  =»  (0o/0„),/*  and  A  =  (i»,_,  -  iiny)/{n  -  1). 

Our  stopping  rule  then  is  analytically  to  find  r,  the  number  of  kills  required  before  stopping  the 
simulation,  that  will  fit  the  operating  characteristic  curve  as  nearly  as  possible  through  the  risksj 
7  =  0.05  and  w  *  0.10,  for  the  acceptable  and  unacceptable  true  mean  times-to-fail,  60  -  854.2  min 
and  $A  *  312.8  min,  respectively.  We  can  find  such  an  r  from  Eq.  38-139. 

For  7  m  0.05,  and  »  m  0.10,  then,  from  a  table  of  values  for  the  standard  normal  distribution  we  find 
i\y  *  —1.645  and  if,_r  =*  1.282.  Then  we  compute 

M  *  (99/0A)l/t  *  1.40  .  (28-140) 

and 

A  *  (ih_,  -  hv-,)/(m  -  1)  *  8.9625.  (28-141 ) 

Finally, 

r  **  A*/9  »  8.9  or  9  kills  required.  (28-142) 

CXir  stopping  rule  tells  us  that  we  need  9  Blue  tank  kills  before  we  stop  our  simulation  and  perform  our 
test  at  the  risk  levels  y  m  0.05  and  r  «  0.10. 

To  coT  Plete  our  test,  we  run  the  simulation  with  some  initial  numbers,  B*  and  R*,  of  tanks  on  each 
side  (mu  i  greater  than  9,  say  By  ■  20  or  so)  until  we  have  obtained  9  Blue  tank  kills.  We  record  the 
time  fron.  he  start  of  the  battle  at  which  each  tank  kill  occurred.  Next  we  compute  our  estimate  of  9 
from  .Epstein  and  Sobei  (Ref.  27)  as 

9  -  l  iff,  +  (B,  -  r)tr]/r  -  (  £*/,  +  (B,  -  9)/f,]/9  (28-143) 
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for  the  ordered  kill  times  ■  ■  <tBo,  with  the  battle  being  truncated  immediately  at  r  =  9  Blue  tank 

kills.  Since  2 r€/d  =  xi(-r ) ls  distributed  in  probability  as  chi-square  with  2r  degrees  of  freedom,  we  will 
accept  the  hypothesis  that 

H9:Z,30  =  exp(— 90/0)  =  0.90 
and  hence  that  missiles  are  very  effective,  if  the  observed 

6  ^  0oXo.«(2r)/(2r)  =  445.6.  (28-144) 

If  6  <  445.6  we  reject  the  hypothesis  that  B/Ba  =  0.90  and  accept  the  alternative  hypothesis  that 
missiles  are  not  so  effective. 

Thus,  with  the  technique  developed  by  Shuford  and  Grubbs  (Ref.  30),  risks  of  erroneous  judgments 
in  war  games  or  simulations  may  be  controlled  for  exponentially  distributed  combat  life-times. 

28-13  SUMMARY 

We  have  described  the  two  Lanchester  Linear  Laws  of  combat,  the  Lanchester  Square  Law,  the 
logarithmic  or  exponential  decay  law  of  Weiss  and  Peterson,  and  the  Guerrilla  Warfare  model  of 
Deitchman,  along  with  some  methods  of  estimating  chances  of  a  side  winning  a  battle.  The  determina¬ 
tion  or  estimation  of  attrition  rates  or  kill  rates  was  discussed  and  some  of  the  problems  of  verification 
of  the  laws  of  combat  brougnt  out,.  Finally  and  for  proper  stochastic  analyses,  we  recommend  for  future 
applications  the  matter  of  treating  survival  times  of  key  targets,  or  battlefield  elements,  and  show  that 
such  an  analytical  approach  would  have  some  very  decided  advantages,  including  the  capability  of  be¬ 
ing  able  to  place  confidence  bounds  on  the  proportion  of  survivors  at  an  extrapolated  mission  time. 
Several  instructive  examples  are  given  to  indicate  various  types  of  applications.  The  considerations  of 
this  chapter  apply  primarily  to  homogeneous  forces,  whereas  heterogeneous  forces  are  treated  in 
Chapter  29. 
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CHAPTER  29 

LANCHESTER  COMBAT  THEORY— MODEL  EXTENSIONS; 
HETEROGENEOUS  TORCES;  AND  COMMAND,  CONTROL, 
AND  INTELLIGENCE  EFFECTS 

Lanchester  type  models  o]  combat  theory  to  describe  and  predict  outcomes  of  battles  are  extended  from  the  homoge¬ 
neous  force  concepts  of  Chapter  28  to  include  additional  terms  for  resupply;  production  and  resupply  rales;  some  rum- 
combat  type  of  losses  due  to  the  environment,  disease,  or  accidents;  and  the  scale  of  operation s.  Attrition  of  forces  due 
to  the  critical  factor  of  range  or  distance  of  separation  of  Blue  and  Red  forces,  i.e.,  rat  ge-dependent  attrition  ro'es  are 
introduced,  and  the  concept  of  trading  off  time  or  range  for  combat  tosses  brought  out.  Also,  the  generalization  of 
Lanchester  laws  to  include  the  effect  of  hne-of-sight  problems  is  covered,  along  with  criteria  to  establish  whether  the 
Lanchester  Linear  Law  or  the  Square  Law  is  likely  to  apply.  Then  the  highly  important  concept  of  combat  between 
heterogeneous  forces  if  introduced  and  illustrated  with  some  useful  examples  of  applications.  Then,  we  indicate  a 
model  for  a  battle  which  is  assumed  to  be  made  up  from  many  individual  duels  between  Blue  and  Red  forces.  Finally, 
in  a  new  topic  involving  Lanchester  combat  theory,  a  derivation  due  to  Schrtiber  ( Ref.  12)  points  out  the  key  impor¬ 
tance  of  command,  coni  .  and  nielli  genet  effects  on  battles,  especially  as  compared  to  numbers  of  weapons  or  forces 
on  each  side. 

29-0  LIST  OF  SYMBOLS 

a  *  aircraft  availability  rate 

a  m  constant  of  proportionality  in  Eqs.  29-27  and  29-28 
B  m  number  of  Blue  forces  nr  units  at  any  time  l 
B{r)  »  number  of  Blue  forces  as  a  function  of  separation  distance  r 
dB/dr  *  instanta  neous  rate  of  change  in  the  number  of  Blue  forces  as  a  function  of  separa¬ 
tion  distance  r 

dB/dt  m  rate  of  change  in  the  number  of  Blue  forces  with  respect  to  time/ 

B%  «  initial  number  of  Blue  forces 

B,  ■  B,(t )  *  remaining  number  of  i-type  Blue  units  at  any  time  t  of  the  battle 
Btt  m  initial  number  of  i-type  Blue  units  or  weapons 
27  -  average  number  of  surviving  Blue  forces  at  time  t  of  battle  . 

B\  m  number  of  Blue  tanks  at  time  t 
Bi  m  number  of  Blue  infantry  at  time  t 
Bt  m  number  of  Blue  artillery  weapons  at  time  t 
Bt  m  number  of  Blue  aircraft  at  time  t 
b .  ■  Blue  aircraft  attrition  rate  per  sortie 
eg  m  casualty  rate  Blue  will  accept 
Ci i  •  casualty  rate  Red  will  accept 
E  **  parameter  given  by  Eq.  29-5 
E(R)  “  expected  number  of  Red  forces  killed  by  Blue 

t  m  final  or  top  level  of  command  and  intelligence  efficiency 
r,  •  initial  level  of  command  and  intelligence  efficiency 
et  m  command  and  intelligence  efficiency  of  Blue  forces 
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eR  =  command  and  intelligence  efficiency  of  Red  forces 
F  3  parameter  given  by  Eq.  29-6 

F  =■  y/(2  -  ea)/{2  -  t)  —  1  =  parameter  defined  in  Eq.  29-71 
/  =  fraction  of  Blue  aircraft  sorties  employed  against  Red  tanks 
1  —  j  -  fraction  of  Blue  aircraft  employed  against  Red  artillery 
/ (/)  =  probability  density  function  of  number  of  duels 
G  3  y/8R  —  A'/  y/ff  =  parameter  defined  by  Eq.  29-10 
Go  -  initial  value  of  G 

g  3  fraction  of  Blue  artillery  used  against  Red  tanks 
1  —  g  3  fraction  of  Blue  artillery  used  against  Red  artillery 
g(r)  3  monotonicaily  decreasing  function  of  the  separation  distance  r  to  indicate  the  de¬ 
pendence  of  attrition,  rates  on  r 
H  —  y/pB  3  parameter  defined  by  Eq.  29-1 1 
Ho  3  initial  value  of  H 

h(t )  =  probability  density  function  of  deration  of  duels 
{/]  =  identity  matrix 

i  3  1,2,...,/  represents  the  ith  type  of  Blue  units  or  weapons  for  heterogeneous  forces 
j  -  1,2  ...,-/  represents  the 7th  type  of  Red  units  or  weapons  for  heterogene  »us  forces 
K  3  replacement  rate  for  Blue  forces 
L  -  replacement  rate  for  Red  forces 
M  -  y/^p  =  parameter  defined  by  Eq.  29-9 
n  3  number  of  duels 

P  3  chance  that  Blue  will  kill  a  Red  in  view  of  target  detection  chances  and  time  to  fire 
P{B,R,i)  3  chance  that  B  Blue  and  R  Red  forces  survive  at  time  t 
p  3  chance  that  a  Blue  wins  a  duel  against  a  Red 
po  3  single-shot  kill  probability  for  Blue  against  Red 
p\  3  single-shot  kill  probability  for  Red  against  Blue 
[Q]  3  matrix  of  the  product  of  kill  rates  and  allocation  factors  (Eq.  29-51) 
q  3  1  —  p  3  chance  that  a  Red  attrirs  a  Blue 
R  3  number  of  Red  forces  or  units  at  any  time  t 
R(r),  3  number  of  Red  forces  as  a  function  of  separation  distance  r 
dR/dr  3  instantaneous  rate  of  change  in  the  number  of  Red  forces  as  a  function  of  separa¬ 
tion  distance  r 

dR/'dt  3  rate  of  change  in  the  number  of  Red  forces  with  respect  to  time  1 
Ro  3  initial  number  of  Red  forces 

R j  3  Rjty)  3  remaining  number  of  j-  type  Red  units  at  any  time  t  of  the  battle 
Rp  3  initial  number  of  /-type  Red  units  or  weapons 
R  3  average  number  of  surviving  Red  forces  at  time  I  of  battle 
Rt  3  number  of  Red  infantry  at  time  t 
R\  3  number  of  Red  tanks  at  tirhe  / 
fit  3  number  of  Red  artillery  weapons  at  time  / 

‘  r  3  |  -  I*  I  3  separation  distance  between  Blue  and  ReJ  forces 

to  3  separation  distance  between  Blue  and  Red  forces  at  the  start  c  i.‘..e  battle 
r«  3  replacement  rate  for  Red  tanks 
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s  —  (sB  +  sr)/2  =  distance  from  the  reference  line  to  a  line  (LOL)'  which  is  parallel  to 
and  moves  with  the  same  speed  as  the  LOB 
s  =  sortie  rate,  per  available  aircraft 

sB  =  distance  of  Blue  forces  from  a  reference  line  well  within  Blue's  ground  area  and 
parallel  to  the  line  of  battle  (LOB) 

sK  =  distance  of  Red  forces  from  the  same  reference  line  used  in  the  definition  of  sB 
t  =  time 
=  ordered  times 

v  =  dr/dt  =  closing  speed  of  Blue  and  Red  forces 
[Z]  -  row  vector  representing  all  Blue  and  Red  units  (Eq.  29-48) 

\dZ/dt]  -  time  derivative  of  the  vector  [Z]  (Eq.  29-49) 

[Zt]  =  initial  values  for  the  vector  [2]  (Eq.  29-50) 

a  =  reciproc  d  of  mean  time  to  detect  a  target  for  Blue  (rate  of  detection) 
a'  -  Red’s  rate  of  detecting  Blue  targets 
d  =  combat  attrition  rate  of  Blue  forces 

0j,  =  attrition  rate  of  Blue  elements,  i.e.,  the  rate  at  wh:ch  an  individual  weapon  or  ele¬ 
ment  of  the  j th  type  Red  weaprn  attrits  ith  type  Blue  elements  or  targets  when 
firing  on  Blue 

7  =  nor, combat  loss  rate  of  Blue  forces 

1,i  ■  allocation  of  Red  weapon*  against  Blue  targets,  i.e.,  the  proportion  (or  probabil¬ 
ity)  of  the  j  th  type  Red  weapon  Bring  against  the  ith  type  of  Blue  target 
&  *  noncombat  loss  rate  of  Red  forces 

St,  *  allocation  of  Blue  weapons  against  Red  targets,  i.e.,  the  proportion  (probability) 
of  the  ith  ivpe  Blue  weapon  firing  against  the  jth  type  of  Red  target 

0  ■  8(r)  ■  —(0/p)ir*^  g(r)4r  m  angular  value  for  Eq.  29-25 

’  ,  ’* 

A  “  rate  of  duels  between  Blue  and  Red  forces 
n  m  rate  at  which  duels  are  completed 
1/M  **  mean  or  expected  time  of  a  duel 
ft  »  combat  attrition  rate  of  Red  forces 

fit,  m  attrition  rate  of  Red  elements,  i.e.,  the  rate  at  which  an  individual  weapon  or  ele¬ 
ment  of  the  ith  Blue  group  attrits  j  th  type  Red  e'ements  or  targets  when  firing  on 
Red 

a*  -  variance  of  number  of  Red  forces  lulled  m  E[R  —  £(/?))* 
t  “  time  to  Hr'  for  Blue 
r*  “  Red’s  time  to  shoot 

29-1  INTRODUCTION 

Chapter  28  dealt  primarily  with  Lanchester’s  equai  >ons  for  homogeneous  forces,  which  generally 
were  kept  simple  enough  to  introduce  some  of  the  rather  basic  concepts.  Nevertheless,  the  idea  of  rein¬ 
forcements  for  either  side  was  brought  out  during  the  discussion  of  validating  the  Lanchester  Square 
Law  model  for  the  I  wo  Jims  campaign.  One  can  only  begin  to  model  more  complex  battle  situations 
with  such  simple  concepts  because  battle  results  arc  not  only  a  function  of  the  numbers  of  forces  and . 

29-3 
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weapons  on  each  side,  but  also  the  various  types  of  weapon  systems  (taking  into  account  their  diver¬ 
sity),  the  capabilities  of  the  various  types  of  weapon  systems  in  combined  arms  roles,  range,  doctrine  of 
employment  (tactics,  organization,  etc.),  intelligence  of  enemy  activities,  the  environment  of  employ¬ 
ment,  logistic  considerations,  industrial  capability,  and  other  factors.  Thus,  there  is  a  need  to  include 
more  parameters  in  any  realistic  models  which  attempt  to  provide  sound  inferences  for  future  con¬ 
flicts.  Therefore,  it  is  the  purpose  of  this  chapter  to  cover  some  of  the  more  inclusive  models  of  combat 
and  to  see  just  how  they  may  be  used  for  the  purpose  of  evaluating  weapons. 

In  particular,  we  will  discuss  the  matter  of  additional  terms  in  Lanchester  type  models  of  combat, 
along  with  some  of  the  recent  developments  of  theory  and  application  relating  to  force  separation,  the 
value  of  intelligence,  and  some  account  of  heterogeneous  forces.  Moreover,  one  can  see  that  if  we  are 
able  to  deal  with  the  case  of  heterogeneous  forces  in  terms  of  combined  arms  effects  or  the  “equiva¬ 
lent”  homogeneous  models,  then  some  very  useful  simplifications  will  have  been  accomplished. 
Finally,  we  need  to  indicate  the  relation  between  deterministic  models  and  that  of  the  probabilistic 
models. 

We  first  discuss  some  additional  terms  (par.  29-2)  for  Lanchester’s  homogeneous  equations  for  the 
case  of  the  Square  Law.  (We  have  already  introduced  a  term  for  troop  replacement  in  Eq.  28-51  of 
Chapter  28.) 

29-2  ADDITIONAL  TERMS  IN  LANCHESTER’S  EQUATIONS 

Lanchester’s  differential  equations  for  either  the  Linear  or  Square  Laws  may  be  extended  to  involve 
additional  terms  such  as  replacement  rates  and  noncombat  losses  due  to  accidents,  diseases, 
epidemics,  etc.  For  example,  for  the  Square  Law  we  might  add  additional  terms,  bringing  about  the 
following: 


dB 

dl 


-8R  -7 B  +  K 


(29-1) 


«  -pB  -  SR  +  L  (29-2) 

» 

where 

K  =*  replacement  rate  for  Blue  forces 
L  *  replacement  rate  for  Red  forces 

7  =*  noncombat  loss  rate  of  Blue  forces  . 

S  *  noncombat  loss  rate  of  Red  forces 

8  *  combat  attrition  rate  of  Blue  forces 
p  “  combat  attrition  rate  of  Red  forces 

B  *  number  of  Blue  forces  or  units  at  any  time  t 
R  =*  number  of  Red  forces  or  units  at  any  time  t 
'  t  »  time. 

In  these  extended  Square  Law  equations,  the  constants  K  and  L  can  be  considered  to  be  replace¬ 
ment  rates  for  the  Blue  and  Red  forces,  respectively,  whereas  the  terms  — 7fl  and  —SR  for  Blue  and 
Red  represent  noncombat  or  nonoperational  type  losses,  or  losses  dependent  on  the  scale  of  each  side’s 
activity,  or  in  accidents,  etc.,  and  are  not  related  directly  to  the  size  of  the  opponent.  Combat  losses  are 
such  that  fi  and  p  dominate  7  and  S,  however,  as  would  be  expected. 
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When  the  opposed  forces  are  equally  effective,  i.e.,  for  /3  =  p  and  y  =  5,  but  the  replacement  rates 
are  different,  for  example,  then  the  solutions  of  Eqs.  29-1  and  29-2  ar»\ 


where 


L0  -  Ky 
F  ~  7s 

Kfi  -  Ly 

F  -  7 2 


+  £ex p[(0  -  y)t]  +  Fex p[-(0  +  7)/] 


-  Fexp[(0  -  7)/]  +  Fexp[-(/S  +  7)/] 


■  t[(* 
*  t[(* 


z> 

+  K  )  1 

(r 

L  ' 

Uq 

0  -  7/ 

(3-7- 

D 

+  K  )  +  { 

(r 

L  ' 

Dq 

0  +  y) 

l  Do 

0  +  7- 

(29-3) 


(29-4) 


(29-5) 


(29-6) 


B0  -  initial  number  of  Blue  forces 
R0  —  initial  number  of  Red  forces. 

We  note  that  the  size  of  the  constant  E,  which  is  fixed  by  the  initial  conditions  and  the  production 
and  resupply  rates,  determines  which  of  the  forces  goes  to  zero.  The  total  strength  on  a  side  is  the 
initial  fighting  force  plus  the  replacement  rate  (or  it  could  be  the  production  rate)  divided  by  0  —  7. 

The  equations  take  a  very  special  and  interesting  form  when  y  =  6  =  L  —  0,  for  then  only  Blue 
replaces  troops  in  battle,  or  adds  to  them.  In  this  particular  case,  we  haye 


UlJ 

—  =.  -0R  +  K  =  -Vf3{Vj}R  -  K/V&)  -  —MGfy/p 


—  =  -pB  =  -Vp(v^B)  -■  -MH/Vjj 


(29-7) 

(29-8) 


where 

M  =  VTp 
G  =  VBR  -  K/y/$ 
H  -  VpB 


(29-9) 

(29-10) 

(29-11) 


29-5 


7 


f  -  .  *  £ 

V  ■  “  ■ 
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and  wc  immediately  see  that 
dH/dt  =  -MG 
dG/dt  =  -MH. 


(29-12) 

(29-13) 


But  Eqs.  29-12  and  29-13  are  in  precisely  the  same  form  as  Eqs.  28-28  and  28-29  for  Lanchester’s 
Square  Law  as  a  function  of  time,  and  we  may  write  down  immediately  (see  Ref.  1  for  example)  that 

H  -  y/pB  =  y/pB0cosh(y/Ppt)  —  {V&Ro  -  K/ y/fi)sinh(V]jpt)  (29-14) 


and 


G  =  y/0R  -  K/Vp 

=  (y/pR0  —  K/ y/p)cosh(y/Ppt)  —  y/pB0smh(y/Ppt). 


(29-15) 


We  recall  from  the  Square  Law  that  for  Blue  to  win  we  must  have  pBl>(iRl,  and  hence  such  con¬ 
dition  here  means 


MH*>  MGS 

H0>  G0  *  VpB0  >  V&Ro  -  K/VP 


or  Blue  wins  if 


VpB0  +  K/Vp>Vf}Ro 


(29-16) 

(29-17) 

(29-18) 


If  Ho  =  Go  at  time  t  -  0,  then  H  and  G  approach  zero  asymptotically;  thus,  B  approaches  zero 
while  R  approaches  a  limiting  value  K/y/B  which  really  just  permits  Red  to  destroy  Blue’s  replace¬ 
ments  at  a  rate  equal  to  their  arrival  rate! 

Engel  (Ref.  2)  has  applied  these  very  equations  to  the  battle  of  Iwo  Jima  in  an  attempt  to  validate 
the  Square  Law  as  we  indicated  in  par.  28-5.. 

Thus,  the  reader  can  see  that  additional  terms  can  be  included  in  the  basic  Lanchester  type  com¬ 
bat  equations  to  represent  a  variety  of  considerations,  although  it  can  be  seen  also  that  the  solutions 
could  become  somewhat  complex.  An  important  problem  is  to  develop  the  best  model  for  a  given 
application. 

EXAMPLE  29-1: 

Given  that  Blue  and  Red  have  equally  effective  forces  in  a  battle,  but  that  Blue’s  replacement  rate 
uf  forces  is  at  the  rate  of  15  per  unit  of  time  while  that  for  Red  is  5  per  time  unit.  Suppose  that  Blue 
has  only  100  men  while  Red  has  200  men,  and  the  kill  rates  of  Blue  and  Red  are  equal  at  the  value 
P  ■  p  ■  1.5  per  time  unit,  while  noiicombat  losses  for  both  sides  are  at  the  rate  y  m  6  m  0.3.  (1) 
Does  Red  have  enough  men  initially  to  overcome  Blue’s  resupply  rate,  and  who  wins?  (2)  Assume 
that  there  are  only  losses  on  each  side  due  to  combat  and  that  Blue  has  an  artillery  advantage  which 
prevents  Red  from  any  resupply;  then  determine  how  the  battle  will  go. 

29-6 
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From  Eq.  29-5,  we  note  that  E  may  be  positive,  in  which  case  Blue  will  win;  E  may  be  zero  and 
bring  about  a  stalemate;  or  E  could  be  negative,  in  which  case  Red  wins  (as  may  be  noted  from  Eq. 
29-4).  Hence,  the  computation  of  E  is  of  central  interest.  For  (1),  from  Eq.  29-5 

£  =  -45.83 

and  hence  Red’s  200  combatants  initially  is  much  more  than  that  required  to  win. 

For  (2),  7  =  6  =  0,  and  L  =  0,  and  hence  now 

£  =  -45 

so  that  Red  still  wins  easily. 

29-3  RANGE-DEPENDENT  ATTRITION  COEFFICIENTS 

Appropriate  models  for  describing  ground  combat  should  account  for  the  fact  that  the  attrition  co¬ 
efficients  or  kill  rates  will  depend  on  ranges  of  engagement.  In  fact,  we  have  already  brought  out  this 
point  several  times,  for  example,  by  indicating  that  the  probability  of  hitting  drops  off  rather  rapidly 
with  increased  range  to  target.  A  first  step  concerning  this  matter  was  taken  by  Weiss  (Ref.  3),  who 
extended  Lanchester-type  warfare  equations  of  combat  between  two  homogeneous  forces  to  include 
relative  movement  of  forces  and  hence  allowed  for  a  trade-off  between  time  and  space  in  generating 
casualties.  Weiss’  formulation  considered  that  the  attrition  coefficients  depended  upon  force  separa¬ 
tion  in  such  a  manner  that  the  ratio  of  Blue  to  Red  kill  rates  was  a  constant.  This  is  probably  a  fairly 
reasonable  assumption;  otherwise,  one  would  have  to  introduce  much  more  complexity  into  the 
modeling  process.  Later,  Bonder  (Ref.  4)  used  Weiss’  extension  technique  to  study  the  effects  of 
mobility  and  range  dependent  attrition  rates  on  the  number  of  surviving  forces.  Bonder  (Ref.  4)  also 
developed  a  second-order  differential  equation  for  the  purpose  of  relating  average  force  strength  to 
the  force  separation  distance,  and  he  obtained  a  solution  for  the  number  of  Blues  and  Reds  at  any  . 
time  after  combat  had  begun  for  the  case  of  constant  relative  closing  speed  of  the  two  sides.  Taylor 
(Ref.  5)  has  giver,  a  rather  compact  treatment  of  this  very  problem.  Hence,  it  is  of  interest  to  record 
some  of  the  accomplishments  of  these  investigators  here. 

Following  the  notation  of  Chapter  28,  let: 

B  =  number  of  Blue  forces  at  any  time  t 
R  =  number  of  Red  forces  at  any  time  t 
Bt  '■  initial  number  of  Blue  forces 
Rt  *  initial  number  of  Red  forces 
/J  *  rate  at  which  Blue  forces  are  killed  by  Red  forces 
p  ™  rate  at  which  Red  forces  are  killed  by  Blue  forces 

sB  =*  distance  of  Blue  forces  from  a  reference  line  well  within  Blue’s  ground  area  and  parallel  to  the 
line  of  battle  (LOB) 

sB  =*  distance  of  Red  forces  from  the  same  reference  line  used  in  the  definition  of  sa 
'  s  -  (f.  +  t*)/2  »  distance  from  the  reference  line  to  a  line  (LOB)'  which  is  parallel  to  and  moves 
with  the  same  speed  as  the  LOB 

r  «  |;a  —  j*|  »  separation  distance  between  Blue  and  Red  forces. 

A  representation  of  t*,  s,  and  r  is  shown  on  Fig.  29-1. 
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*  The  line  of  battle  is  between  the  Red  and  Blue  forces;  but  the  location  of  it  depends  on  the  rate 
of  advance  of  these  forces. 

Figure  29-1 .  Location  of  Red  and  Blue  Forces 


Then  Weiss  (Ref.  3)  sets  up  the  Lanchester  combat  equations  taking  account  of  the  force  separa¬ 
tion  distance  r  as 


=  -PRgi?) 


(29-19) 


and 


dR_ 

dt 


-pDg(r) 


(29-20) 


where 

g(r)  *=  monotonically  decreasing  function  of  the  distance  or  separation  r. 

One  may  easily  note  that  upon  comparing  Eqs.  29-19  and  29-20  with  Lanchester ’s  basic  Square 
Law,  Eqs.  28-28  and  28-29,  the  attrition  rates  now  become  0g(r)  and  pg(r),  and  hence  the  rates  may 
depend  markedly  on  the  separation  distance  r.  Nevertheless,  jthe  effective  ratio  of  the  time  derivatives, 
Eq.  29-19  to  Eq.  29-20,  leads  to 

pBdB  -  0RdR.  (29-21) 


29-8 
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Eq.  29-21  is  precisely  equal  to  Eq.  28-30,  so  that  as  Weiss  (Ref.  3)  showed,  the  usual  Square  Law 
given  by  Eq.  28-33,  or 

p{Bl  -  B2)  =  0(R2O  -  R2)  (29-22) 

still  holds  for  force  levels  in  spite  of  the  dependence  on  the  separation  distance  r  between  Blue  and 
Red  forces.  Obviously,  ;!iis  seems  to  be  a  rather  unique  outcome,  which  reproduces  and  generalizes 
the  Lanchester  Square  Law. 

Since  Eq.  29-22,  the  ordinary  Lanchester  Square  Law,  for  this  much  more  complex  case  does  not 
involve  the  separation  distance  r,  the  rate  of  change  of  Blue  forces  (and  Red)  with  respect  to  time 
may  be  transformed  to  the  equivalent  rate  of  change  of  Blue  forces  (and  Red)  with  respect  to  dis¬ 
tance  r.  For  Blue,  for  example,  we  have 


dB  dB  dr 

dl  V  dr  '  V  ~  dt 


(29-23) 


so  that  Taylor  (Ref.  5)  and  Bonder  (Ref.  4)  give  force  levels  as  a  function  of  the  closing  range  r  for 
Blue  as 


B  =  B(r)  =  Z?ocosh0  +  Ra(B/p)insinh6  (29-24) 


where 

0  =  fl(r)  =  -(0/p)1'*  J  g(r)dr  (29-25) 

r* 

with  r0  =  the  separation  distance  between  Blue  and  Red  at  the  str  -  of  the  battle. 

A  similar  expression  for  Red  as  a  function  of  separation  distance  is 

R  =  R{r)  ~  /?„cosh0  -f  5«(p/0)l/,sinh0.  (29-26) 

Thus,  the  numbers  of  remaining  Blue  and  Red  forces  for  any  closing  range  r  can  be  determined 
also,  or  we  may  say  that  the  effect  of  mobility  is  to  trade  casualties  for  control  of  ground. 

Weiss’  clever  analysis  (Ref.  3)  also  gives  some  interesting  equations  for  the  closing  speeds  of  the 
Blue  and  Red  forces.  In  terms  of  the  closing  speed  of  opposing  Blue  and  Red  forces,  Weis*  (Ref.  3) 
shows  that  for  the  distances  tB  and  of  Biue  and  Red  from  the  reference  line,  one  finds  the  speed 
relations 
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where  a  is  a  constant  of  proportionality,  and  cB  and  cR  are  the  casualty  rates  Blue  and  Red,  respec¬ 
tively,  are  willing  to  accept  before  withdrawing  or  retreating  from  battle. 

Weiss  (Ref.  3)  indicates  that  a  method  of  obtaining  the  solution  to  Eqs.  29-27  and  29-28  is  to  con¬ 
sider  first  the  initial  part  of  the  action  and  assume  that  Blue  and  Red  reach  an  equilibrium  at  some 
closing  range  r  before  large  losses  have  been  received  by  either.  (This  is  reasonable  since  only  rarely 
will  a  whole  force  be  annihilated  without  withdrawal  or  retreat.)  The  complete  action  is  then  solved 
under  the  assumption  that  the  time  lag  in  change  of  this  equilibrium  is  small  compared  with  the  time 
for  the  whole  engagement.  In  fact,  at  this  stage  we  may  say  that  the  closing  speed  dr/dt  could  be  set 
equal  to  zero,  and  the  function  g(r)  in  Eqs.  29-19  and  29-20  solved  for,  so  that  the  attrition  equations 
become 

dB 

—  *  20R/(0R/ca  +  pB/cK)  (29-29) 

and 

dR 

—  =  2pB/(0R/ca  +  pB/ca).  (29-30) 

Moreover,  the  corresponding  speed  of  the  LOB  is  given  by 

ds 

—  -  a(cnfiR  -  CgpBWicrfR  +  cbPB)  (29-31) 

from  which  we  see  that  due  to  the  chosen  sizes  of  the  casualty  rates  cH  and  cB,  the  speed  dsfdt  may  be 
positive,  zero,  or  negative;  or  that  an  inferior  force  may  “hold  the  line”  against  a  superior  force  by 
accepting  a  higher  casualty  rate,  so  to  speak.  Clearly,  this  would  seem  to  help  with  the  validation  of 
this  particular  model,  and  as  a  matter  of  fact  we  have  already  remarked  in  par.  28-11  concerning 
breakpoints  of  battles  that  once  a  fores  is  on  the  defensive  it  will  then  c  ften  suffer  nearly  double  the 
offensive  casually  rate.  v 

29-4  A  GENERALIZATION  OF  LANCHESTER’S  LAWS  FOR  LINE  OF  SIGHT 
CONSIDERATIONS 

While  we  are  discussing  additional  terms  for  Lanchester’s  basic  linear  and  square  laws,  it  is  of 
some  interest  to  consider  a  somewhat  different  kind  of  generalization  cue  especially  to  line-of-sight 
problems  or  chances  of  seeing  targets.  The  particular  formulation  that  lollows  is  due  to  Owen  (Ref. 
6),  and  approaches  establishment  of  the  Square  Law  of  Eqs.  28-28  and  28-29,  and  the  area  fire 
model  of  Eqs.  28-22  and  28-23  in  a  different  manner.  Owen  (Ref.  6)  indicates  that  the  Square  Law 
should  be  valid  for  close  combat,  whereas  the  Linear  Law  for  area  fire  sh  ould  be  valid  for  combat  “at 
a  distance”  and  proceeds  to  establish  this  with  a  rather  clever  analytic; il  development.  He  assumes 
that  au  individual,  for  example  on  the  Blue  side,  takes  a  certain  time  r  to  Are,  and  he  will  fire  oniy 
when  he  sees  a  Red  target  or  has  detected  one.  Hence,  the  chance  that  i  Blue  does  not  see  or  detect 
a  particular  Red  target  in  a  given  time  r  is  exp(-ar),  where  a  is  a  “visibility”  parameter,  and  in  fact 
is  the  detection  rate  (or  its  reciprocal  1/a  is  the  mean  time  to  detect).  Clearly,  a  may  be  relatively 
large  for  open  terrain  and  small  in  the  dark,  or  for  trees,  ambushes,  etc.  Now  if  Red  has  R  men  with 
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weapons,  or  there  are  R  targets,  the  chance  that  a  Blue  sees  none  of  them  will  be  given  by 
exp (-aRr),  so  that  the  chance  that  a  single  Blue  sees  at  least  one  target  to  shoot  at  is 
[1  — ,exp(— a/?r)].  Hence,  if  the  kill  probability  per  shot  is  pk  (which  would  consist  of  the  chance  of 
hitting  multiplied  by  the  conditional  chance  that  a  hit  is  a  kill),  then  in  the  time  interval  r,  a  Blue 
member  has  the  chance  P  or 

P  =  />*[1  -  exp(— a/?r)]  (29-32) 

of  killing  an  opponent.  Moreover,  since  each  Blue  has  a  probability  of  killing  given  by  Eq.  29-32, 
then  for  B  Blues  the  expected  number  E(R)  of  Reds  killed  by  Blue  will  be 

E(R)  •=  Bpk[  1  -  exp(-aflr)]  (29-33) 

where  we  have  ^nored  the  “small”  chance  that  two  Blues  kill  the  same  Red.  In  addition,  it  is  easily- 
seen  that  due  to  binomial  probability  theory,  then  the  variance  of  the  number  of  Reds  killed  is 
simply 

<r*  -  E[R  -  E(R)]* 

~  -  exp(— oi?r))jl  -  />*[1  -  exp(— a/?r)J}.  (29-34) 

In  conclusion,  we  see  that  the  number  of  Red  elements  killed  is  a  random  variable  with  mean  and 
variance  given  by  Eqs.  29-33  and  29-34,  respectively,  and  perhaps  for  many  applications  such  dis¬ 
tributions  may  be  approximately  described  by  the  normal  fit. 

Owen  (Ref.  6)  at  this  stage  replaces  the  random  number  of  Red  kills  by  its  mean  value,  Eq.  29-33, 
thereby  disregarding  the  stochastic  element  or  variance,  and  obtains  the  deterministic  form 

dR 

*  —E(R)/r  ■  -(Bp>/r)[  1  -  exp(-a/?r)]  (29-35) 

and  similarly 

*  ~ (RpW P)  1 1  -  cxp(-a'*r')j  (29-36) 

where  a',  />'*,  and  r'  now  have  similar  definitions  for  Blue  side  kills,  or  they  are  respectively  the 
visibility  parameter,  the  kill  probability,  and  firing  times  for.  Red. 

Now  suppose  that  the  visibility  is  poor,  i.e.,  aRr  is  small,  or  we  have  distance  firing,  or  conceal¬ 
ment.  in  which  cases 

exp  (-aRr)  -*  1  —  aRr  (29-37) 

or  from  Eq.  29-35  we  then  establish  that 

(29-38) 
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But  this  is,  precisely  the  form  of  the  linear  law  for  area  fire,  or  Eqs.  28-22  and  28-23.  Similarly,  we  get 
that 


dB 

dt 


-a%BR 


(29-39) 


fcr  the  poor  visibility  case  of  Red  seeing  Blue. 

On  the  other  hand,  if  the  visibility  is  good,  or  aRr  is  large  (or  Red  has  a  “large”  Army,  or  a  very 
low  rate  of  fire),  then  clearly  the  exponential  approaches  zero,  i.e.. 


exp(— cxRt)  &  0 

and  from  Eq.  29-35  one  sees  that  in  this  case 


dR 

dt 


~(P„/t;B 


(29-40) 


(29-41) 


which  for  any  “fixed”  r  is  of  the  form  of  the  Lanchester  Square  Law,  Eqs.  28-28  and  28-29.  Thus, 
with  this  more  general  approach  to  combat,  we  are  still  able  to  validate,  on  some  practical  grounds, 
the  Lanchester  Linear  and  Square  Laws. 

In  this  more  general  formulation  of  Owen,  which  involves  the  chance  of  finding  the  target,  there  is 
more  to  be  said  for  the  now  three  combat  parameters — a  the  visibility  parameter,  pk  the  single-shot 
kill  chance,  and  r  the  time  available  for  target  detection.  In  particular,  we  note  that  the  single-shot 
kill  probability  appears  in  both  models,  i.e.,  in  Eqs.  29-38  and  29-41,  or  these  limiting  cases.  Thus, 
for  either  law,  advantages  are  gained  by  always  trying  to  increase  kill  probability  per  shot,  i.e., 
whether  for  the  linear  law  for  area  fire,  or  for  close  combat  and  the  square  type  law.  (The  reader  is 
no  doubt  aware  that  for  small  arms  type  weapons  it  may  be  difficult  to  increase  single-shot  kill 
chances  for  area  or  ambush  fire,  whereas  increasing  the  rate  of  fire  will  be  an  advantage  for  the 
weapon,  such  as  use  of  a  machine  gun.  On  the  other  hand,  the  use  of  artillery  and  large  lethal  artas 
per  projectile  or  warhead  payload  becomes  very  much  in  order  in  this  case.)  Moreover,  it  is  clearly  to 
Red’s  advantage  here  to  decrease  Blue’s  single-shot  kill  chances,  and  he  may  do  this  by  hiding  or 
hardening  his  units,  or  by  cover  protection. 

.  For  the  Sighting  or  visibility  parameter  a,  we  note  that  the  attrition  rate  in  Eq.  29-38  is  directly  de¬ 
pendent  on  it,  i.e.,  for  area  fire;  whereas  for  high  visibility  and  the  square  law  of  close  combat  it  is 
completely  missing  in  Eq.  29-41.  We  conclude  then  that  should  the  enemy  be  “hard  to  find”,  it 
becomes  of  critical  importance  to  increase  visibility  or  improve  on  target  detection.  On  the  other 
hand,  if  the  product  aRr  h>  or  can  be  made  sufficiently  large,  then  increasing  the  size  of  the  visibility 
parameter  may  be  of  relatively  little  importance  indeed. 

Finally,  we  might  take  a  look  at  the  firing  time  r  available  for  Blue.  We  note  here  that  the  kill  rate 
in  Eq.  29-41,  or  for  the  limiting  square  law,  is  inversely  proportional  to  r  or  hence  the  rate  of  fire. 
Thus,  the  machine  gun  may  be  extremely  valuable  in  such  conditions  of  combat.  On  the  other  hand, 
for  the  model  of  Eq.  29-38  or  area  fire,  very  little,  if  anything  at  all,  is  gained  through  rate  of  fire;  and 
even  the  machine  gun,  for  example,  may  be  of  little  value  against  ambush,  a*  we  are  well  aware. 

These  arguments  make  considerable  sense  in  the  analyses  of  combat,  but  of  more  importance  is 
the  fact  an  appropriate  theoretical  development  has  been  carried  out  which  will  aid  in  more  precise 
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quantification  of  combat  than  otherwise  would  have  been  possible.  In  addition,  we  gain  considerably 
more  appreciation  fot  the  basic  work  Lanchester  originally  performed  for  us. 

EXAMPLE  29-2: 

A  Blue  force  of  company  size  (=  200  men)  believes  that  a  much  smaller  Red  force,  estimated  to  be 
50,  is  in  the  general  area  just  ahead.  If  this  be  true,  Blue  hypothesizes  that  Red’s  single-shot  kill 
probability  per  weapon  may  be  as  large  as  0.075,  and  the  chance  of  a  Red  «**eing  a  Blue  is  about  0.6. 
Blue,  on  the  other  h  ind  from  immediate  past  experience  has  been  detecting  about  one  Red  target 
every  30  min  and  Blue’s  pk  is  about  0.05.  Considering  that  Blue  may  be  caught  by  surprise  and  must 
fire  immediately,  within  6  s  while  Red  may  use  as  much  as  5  min  to  detect  and  fire  on  Blue,  what 
can  be  said  about  any  appropriate  choice  of  a  combat  law  which  might  be  applicable  to  such  a  situa¬ 
tion? 

It  is  easy  for  the  Blue  commander  to  analyze  these  available  data  in  the  foliowing  terms  or 
parameters. 

B  =  200  R  -  50 

pk  =  0.05  pi  =  0.075 

a  =  1/30  =  0.033  a'  =  0.6/5  *  0.12 

r  -  6/60  =  0.1  r'  «  5. 

Hence,  we  find  that 

aRr  =  (0.033)(50)(0. 1)  =  0.165,  while  *  (0.1 2) (200) (5)  *  120. 

Thus,  there  is  some  evidence  that  since  aRr  is  relatively  small  and  o' BP  is  large,  then  Deitchman’s 
mixed  or  guerrilla  warfare  model  of  par.  28-9  would  be  appropriate  for  the  commander  to  predict 
casualties  or  infer  outcomes  of  such  an  engagement. 

We  note  that  the  determination  of  the  model  to  fit  depends  on  the  size  of  aRr  and  a'Br',  and  not 
on  the  single-shot  kill  chances  pk  or  pi. 

29-5  HETEROGENEOUS  FORCES  OR  COMBINED  ARMS 

29-5.1  PRELIMINARIES 

By  heterogeneous  forces,  we  mean  the  employment  and  ‘‘mixture”  of  weapons  of  different  types  on 
a  side  for  various  firing  missions  in  combat.  Through  long  and  past  bitter  experience,  we  have  lear¬ 
ned  that  combat  against  any  current  or  potential  enemy  must  involve  infantrymen  with  their  rifles 
and  machine  guns;  artillery  to  attack  targets  at  longer  ranges,  or  for  counterbattery,  or  to  deny  the 
enemy  the  use  of  key  areas  of  the  terrain;  and  tanks  to  aid  in  breakthroughs  or  fight  enemy  tanks,  or 
carry  out  mopping-up  actions,  etc.  Thus,  modern  war  depends  on  the  wisest  use  of  combined  arms 
or  heterogeneous  type  forces  to  get  and  keep  an  advantage  over  the  enemy  in  combat  actions. 

Lanchester ’s  original  investigations  into  combat  theory  involved  primarily  the  analysis  of  *  homo¬ 
geneous”  forces  on  each  side,  and  he  touched  very  lightly  on  the  problem  of  evaluating  combat  be¬ 
tween  heterogeneous  forces.  Nevertheless,  we  must  discuss  some  of  the  problems  involving  the 
analysis  of  heterogeneous  forces,  for  this  is  actually  the  case  in  practice,  even  though  this  is  obviously 
a  rather  involved  and  difficult  area  of  analysis. 

Obviously,  for  heterogeneous  forces,  there  is  a  problem  in  allocating  weapons  to  targets  on  both 
sides.  This  was  not  too  involved  a  problem  for  the  homogeneous  case,  in  which  several  riflemen,  tank 
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crews,  etc.,  could  fire  at  single  similar  targets  on  the  opposite  side.  Needless  to  say,  the  allocation 
problem  becomes  very  important  indeed  for  combat  between  heterogeneous  forces  since,  for  example, 
artillery  can  successfully  engage  enemy  infantry,  riflemen  may  waste  bullets  against  tanks,  some 
man-portabie  weapons  can  destroy  tanks,  aircraft  may  attack  some  ground  targets  without  coming 
under  fire,  etc.  Her.ce,  it  becomes  clear  that,  for  combat  between  forces,  appropriate  parameter? 
must  be  considered  to  take  account  of  weapon-target  allocation  problems.  Moreover,  there  is  the 
problem  of  determining  the  “best”  weapon-target  allocation  modes  in  order  to  conserve  ammunition, 
or  to  maximize  effectiveness  of  weapons  for  a  given  logistical  supply  or  other  criteria  of  importance. 

It  is  not  difficult  to  establish  appropriate  notation  and  the  general  model  for  the  case  of  combat  be¬ 
tween  heterogeneous  forces  on  each  side.  We  consider  i  -  1,2, ...,/  different  types  of  Blue  weapons, 
men.  key  dements,  etc.,  and  /  =  1,2 ,...»«/  distinct  types  of  Red  weapons,  men,  key  elements,  etc. 
Then  define: 

1  i 

B,  =  B,{t)  =  remaining  number  of  i-type  Blue  elements  at  any  time  /  of  the  battle 
BlU  -  initial  number  of  i-type  Blue  elements 

Rj  -  Rj(t)  -  remaining  number  of  /'-  type  Red  elements  at  any  time  /  of  the  battle 
Rjo  -  initial  number  of /-type  Red  weapons  or  forces 

Bj,  —  the  attrition  rate  of  Blue  elements,  he.,  the  rate  at  which  an  individual  weapon  or  element  of 
the  /th  type  Red  weapon  attrits  ith  type  Blue  elements  or  targets  when  firing  on  Blue 
jj,  =  allocation  of  Red  wcapoas  against  Blue  targets,  i.e.,  the  proportion  (or  probability)  of  the 
/th  type  Red  weapon  firing  against  the  ith  type  of  Blue  target 
Ptj  =  the  attrition  rate  of  Red  elements,  i.e.,  the  rate  at  which  an  individual  weapon  or  element  of 
the  ith  Blue  group  attrits  /'th  type  Red  dements  or  targets  when  firing  on  Red 
6,j  =  the  allocation  of  Blue  weapons  against  Red  targets,  i.e.,  the  propottion  (probability)  of  the 
ith  type  Blue  weapon  firing  against  the /th  type  of  Red  target. 

With  these  definitions,  it  is  easy  to  see  that  the  rate  of  change  (i.e.,  decrease)  in  i-type  Blue  targets 
and  /-type  Red  targets  can  be  expressed  as: 

dBt  J 

-7T  ■*  ~  £  0j(yj,R}  ,1-1,2,...,/  ,  (29-42) 

Ul  J~l 

and 


dR, 

di 


£  ,  /  —  1,2 

<-» 


(29-43) 


Thus,  Eqs.  29-42  and  29-43  represent  the  generalization  of  Lanchester  type  differential  equations 
of  combat  to  describe  the  course  of  battle  for  heterogeneous  forces  or  combined  arms  on  each  side. 
We  note  in  particular,  as  previously  stated,  that  there  is  the  problem  of  estimating  the  /  and  J  dis¬ 
tinct  attrition  coefficients  and  also  the  allocation  proportions,  or  “probabilities  of  assignment”  of 
every  weapon  on  each  side  against  targds  on  the  other. 

As  a  particular  example,  and  to  illustrate  further,  suppose  that  we  consider  that  Blue  and  Red 
have  only  infantry  and  artillery  on  their  sides.  Then,  Eqs.  29-42  and  29-43  simplify  to  the  following 
considerations: 

t  -  1  represents  Blue  irdantry 
i-2  represents  Blue  artillery  weapons 
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Bi  =  number  of  Blue  infantrymen  at  time  t  of  the  ba'tle 
Bt  =  number  of  Blue  artillery  weapons  at  time  t  of  the  battle 
j  =  1  represents  Red  infantry 
j  —  2  represents  Red  artillery 
R,  =  number  of  Red  infantrymen  at  time  t  of  the  battle 
Rt  -  numl  rr  of  Red  artillery  weapons  at  time  /  of  the  battle 
ana  hence  that  the  basic  equations  become 

dBx 

^  ~  —  PnlfiiRi  ~  PulfuRi  (29-44) 

dBt 

— jp  =  -  0ny a/?,  (29-45) 

dRx 

^  —  ~p\\huB\  ~  pti&tiBt  ,  (29-46) 

and 

dR , 

—  =  -pxJiiBx  -  Pn&nB,.  (29-47) 

Continuing,  if  we  put,  for  example,  (Jn  *  p,,,  then  Red  artillery  kills  Blue  infantry  at  the  same  rate 
that  Blue  artillery  attrits  Red  infantry.  If  we  were  to  put  yu  =  $,»  =»  0,  then  no  Red  infantry  is 
assigned  to  kill  Blue  artillery,  and  likewise  no  Blue  infantry  is  allocated  to  fire  against  Red  artillery. 
Indeed,  this  might  make  sense,  for  on  the  other  hand  the  attrition  rate  Bit  for  Red  infantry  kills  of 
Blue  artillery  could  be  practically  zero,  or  the  kill  rate  plt  of  Blue  infantry  against  Red  artillery  may 
likely  be  quite  small.  These  points  or  examples  should  illustrate  the  relation  between  attrition  rates 
and  allocation  factors.  Attrition  rates  may  be  estimated  from  realistic  hit  probabilities,  rates  of  fire, 
and  conditional  chances  that  hits  are  kills,  as  before;  or  they  could  be  estimated  from  the  reciprocals 
of  kill  times  in  a  simulation,  computer  played  battle,  etc.  The  allocation  factors,  on  the  other  hand, 
may  be  varied  to  determine  the  best  or  optimum  weapon  target  engagement  procedures;  or  perhaps, 
in  some  cases,  they  may  even  be  known  roughly  from  combat  experience. 

Concerning  weapon-target  allocation  studies,  Bonder  and  Honig  (Ref.  7)  indicate  that  based  on 
some  research  of  Dr.  Stanley  Sternberg  there  are  some  findings  of  much  interest  to  determine  the  char¬ 
acteristics  of  good  or  optimal  allocation  strategies.  It  was  assumed  in  this  connection  that  the  battle 
dynamics  of  heterogeneous  force  battles  could  be  described  by  coupled  sets  of  constant  attrition  coeffi¬ 
cient  differential  equations,  and  also  that: 

1.  Zero  time  is  required  to  switch  from  one  target  to  another 

2.  Projectile  flight  times  are  small. 

3.  Blue  and  Red  forces  have  perfect  control  and  intelligence. 

Based  on  these  assumptions,  the  research  results  (Ref.  7)  indicate  that,  “For  linear  payoff  functions,  it 
is  ineffective  for  individual  weapon  groups  to  distribute  their  fire  oyer  different  target  groups.  That  is, 
all  (Blue)  i-group  weapons  should  engage  all  (Red)  /group  targets  with  no  splitting  of  fire  allocation 
within  a  group  (dr  type  of  weapons).  The  optimal  assignment  strategics  are  such  that  all  weapons  of  a 
single  group  (type)  should  be  assigned  to  a  single:  group  in  the  opponent’s  arsenal.”  Moreover,  “It  has 
also  been  shown  that  the  choice  of  (an  enemy)  group  (target)  to  be  fired  upon  is  independent  of  the 
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number  of  weapons  in  the  group  (performing)  the  firing.  ”  The  targets  to  be  fired  upon  are  selected  by 
determining  the  maximum  attrition  rates  on  the  marginal  utilities  of  the  opposing  sides  and  not  di¬ 
rectly  on  number  of  weapons  available.  “A  good  'trategy  seems  to  be  to  assign  Blue  group  (weapon 
type)  i  to  Red  type  j  targets  for  which  the  product  BjiPi,  of  attrition  coefficients  is  a  maximum,  or  vice 
versa.”  (These  findings  on  the  allocation  problem  seem  to  agree  wuh  those  of  Weiss  in  Ref.  3,  who 
studied  the  case  of  heterogeneous  forces  where  Blue  and  Red  had  only  one  “primary  group”  or  “men” 
and  one  supporting  weapon  system  or  “air"  or*  each  side.  Weiss  points  out  that  if  Blue  “Dors  attack 
ground  unilaterally  with  his  air,  it  is  best  for  him  to  use  all  of  his  air  rather  than  a  fraction,  and  to  com¬ 
mit  it  to  ground  attack  as  long  as  it  exists  rather  than  switching  back  to  attacking  enemv  air.”) 

As  some  points  of  further  consideration,  we  should  emphasize  that  there  is  also  a  problem  in  the  ac¬ 
tual  designation  of  Blue  i-type  weapons  or  systems  which  will  be  used  against  the j-type  Red  targets, 
and  the  j- type  Red  weapons  which  will  he  firing  on  t-type  Blue  targets,  or  vice  versa.  This  '  ill 
naturally  depend  to  some  extent  on  the  analyst  and  the  particular  problem  he  faces  in  a  given  applica¬ 
tion.  Moreover,  the  analyst  must  often  arrive  at  some  rather  clever  selections  of  what  actually  con¬ 
stitutes  the  best  i-  and  J-  type  elements,  weapons,  or  targets.  For  example,  it  could  be  argued  that  men 
are  most  important  of  all,  and  that  Bx  and  Ru  for  example,  should  represent  the  number  of  Blue  men 
and  number  of  Red  men,  respectively,  for  if  men  are  put  out  of  action,  then  they  cannot  man  weapons 
to  fire  at  the  enemy.  Likewise,  Bt  and  /?*  might  represent  the  number  of  Blue  and  Red  artillery  pieces, 
respectively,  ar.d  B,  and  Rt  could  t  epresent  the  number  of  rifles  on  the  two  sides,  etc.  Alternatively,  it 
might  be  appropriate  to  deal  with  “entire”  weapon  systems  as  key  elements  in  an  analysis.  Thus,  a 
tank  and  crew  with  its  armament  could  be  considered  as  one  of  the  B,' s  or  R,' s,  etc.  Finally,  for  larger 
scale  operations,  then  more  aggregation  would  be  in  order,  depending  on  the  systems  analysis  applica- 


With  this  background,  we  now  tum  to  the  problem  of  solving  the  Lanchester  type  extended  square 
law  for  heterogeneous  forces. 


29-JJ2  GENERAL  SOLUTION  OF  HETEROGENEOUS  FORCE  EO.UATIONS 

In  spite  of  the  increased  complexity  of  Lanchester  type  equations,  Eqs.  29-42  and  29-43,  of  combat 
for  heterogeneous  forces,  fortunately,  there  exists  a  unique  method  of  solution  for  fhe  remaining  num¬ 
bers  of  Blue  and  Red  type  elements  at  any  time  t  after  the  battle  has  started.  We  note  that  for  the  ex¬ 
tension  of  the  Lanchester  Square  Law  type  of  ahaiy  *is  for  heterogeneous  forces  as  in  Eqs:  29-42  and  29- 
43;  we  are  dealing  with  a  set  of  / plus  J  simultaneous  differential  equations.  Moreover,  rs  might  b'*  evi- ' 
dent,  a  matrix  theory  approach  will  lead  to  a  solution,  and  we  proceed  as  follows  to  facilitate  the  studv 
and  solution  of  Eqs.  29-42  and  29-43.  Consider  the  row  vector  \2]  for  remaining  Blue .'  nd  Red  forces, 
[dZfdt]  for  time  derivatives  on  both  sides,  and  [Z,j  for  initial  conditions,  given  by 


,  1^*1  m  lft»  ft»  •  •  • »  Bt,  ft,  ft, ... ,  /?«rj 

\dBx  dBt  dB ,  dRx  dRt  dRj  1 

[dZ,dt  1  -  [  ^  ^  dt  ,  dt  ,  dl  d(  J 

[ft!  m  [ft*  ft*  •  •  •  t  ft*  ft*  ft*  •  •  •  *  ft*! 

and  the  matrix  of  products  of  attrition  and  allocation  coefficients  given  by 


(29-48) 


(29-49) 


(29-50) 
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.  (29-51) 


Then,  it  becomes  >  lear  that  we  may  convert  Eqs.  29-42  and  29-43  to  a  new  single  system  of  matrix 
differential  equations  given  by  the  schematic  notation 


[dZ/dt\  =  -\Z)\d\ 
which  has  the  matrix  exponential  solution 
\Z]  =  !20)expf-iC?]/} 

and  where  the  matrix  .exponential  is  to  be  expanded  as 


exp{—  [Q,]/}  =  [/] 


fore 


for 


and  (/]  is  the  identity 
both  Blue  and  Red 
matrix  differential  equ 
arms  type  of  weapon 
less  clear  that  solutionji 
that  of  evaluating  the 
tablishes  an  analytical 
hopefully  will  lend  its^l 
One  may  note  tha» 
homogeneous  type  of  1 
from  Eqs.  29-48,  29-49 


1-2!  -  I B 


[dZ/dt]  »  [dB/di,  dR/dt] 


-  IQ.U  +  IQJVy 2!  + 


(29-52) 


129-53) 


(29-54) 


patrix.  Thus,  through  matrix  notation  and  a  generalization  which  combines 
es,  we  have  succeeded  in  finding  a  rather  simple  mathematical  form  of  the 
ations,  which  handles  the  problem  of  Lanchestcr  heterogeno.  is  or  combined 
ces.  Although  the  solutions  of  Eq.  29-53  may  appear  complex,  it  is  neverthe- 
can  be  found,  perhaps  especially  with  modem  computers.  The  problem  is 
matrix  exponential,  exp(-[Qj/|,  and  Sternberg  (pp.  389-436,  Ref.  8)  es- 
n.ethod  for  writing  equations  of  the  type  of  Eq.  29-53  in  closed  form  which 
If  to  “rapid”  computation. 

Vhen  /  ■  J  *  1,  then  Eqs  29-42,  29-43,  and  29-52  simplify  to  the  ordinary 
anchestcr  models  for  the  Square  Law  in  Chapter  28.  To  illustrate,  we  have 
artd  29-50- 


/?! 
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[20\  —  [i?oi  /?o! 
and  Eq.  29-51  gives 

0 

IQ]  = 

.  0 

Moreover, 

0p  Ol  r  0  0p*l  rw  0 

IQ]*  =  .  IQ]'  =  ,  [Q]4  = 

o  0pJ  \fp  o  j  [  o  0V 

and  finally 

[2]  =  [5,/?]  =  [B0,R0]  -  pB0]t  +  tfpB»0pR9]P/2lr  •••  . 

Thus,  the  remaining  number  of  Blues  as  a  function  of  time  t  is  given  by  the  fastly  converging  series 
•  B  =  Bo  -  0Rot  +  0pBot3/2'.  -  FpRof/V.  .+  B2p1B0t*/4\  -•••*. 

For  the  data  of  Table  28- 1  of 

B0  =  100,  R0  =  50,  0  -■  0.10,  p  =  0.05 

and  time  t  =  2, 

5  =  100  -  (0.10)(50)(2)  +  (0. 1 0) (0.05) ( 1 00) (2)  -  (0.10)*(0.05)(50)(4/3) 
■'  90.97 


to  four  terms  versus  the  discrete  value  of  90.5  in  Table  28-1. 

We  will  not  go  any  further  into  the  solution  of  the  generalized  Lanchester  type  models  for  heteroge¬ 
neous  forces  or  weapons,  i:e.,  Eq.  29-53  here,  but  in  Chapter  30,  “Weapon  Equivalence  Studies”,  we 
will  have  much  interest  in  converting  values  of  heterogeneous  weapons  m  a  conflict  to  equivalent  ho¬ 
mogeneous  weapon  values,  which  represents  a  somewhat  different  approach  but  a  very  useful  one  in¬ 
deed.  Occasionally,  the  practicing  analyst  may  have  to  solve  equations  such  as  Eq.  29-53  for  the 
remaining  numbers  of  Blue  and  Red  weapon  systems  for  the  case  of  heterogeneous  forces. 

Finally,  we  remark  that  the  allocation  factors  y„  and  Stj  in  the  previous  equations  for  heterogeneous 
forces  may  be  determined  by  applying  the  procedures  of  Chapter  32  on  weapon-target  allocation  prob* 
lems,  this  indicating  the  extent  of  our  analytical  treatment  of  generealized  Lanchester  type  combat 
models  in  this  handbook. 

*The  reader  may  have  some  interest  in  comparing  this  expression  for  the  remaining  number  of  Blues  as  a  function  of  time 
versus  that  of  Eq.  28-48. 
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29-5.3  ILLUSTRATIVE  HETEROGENEOUS  FORCE  EXAMPLES 

In  recent  years,  there  has  been  increased  emphasis  on  the  extended  Lanchester  type  equations  and 
applications  of  Eqs.  2^-42  and  29-43.  Weiss  (Ref.  3)  carried  out  some  of  the  earlier  investigations  and, 
in  particular,  gives  a  rather  extensive  account  of  the  case  of  men  with  support  by  aircraft.  He  assumes 
that  men  can  attack  only  men,  whereas  aircraft  can  attack  both  men  and  enemy  aircraft.  He  sets  up  a 
“value”  function  of  the  difference  in  numbers  of  Blue  and  Red  men,  and  develops  analytical  criteria 
for  the  analysis  of  this  type  of  simple  battle. 

Bonder  and  Honig  (Ref.  7)  further  develop  analytical  models  of  ground  combat  theory  for  heteroge¬ 
neous  forces  and  consider  in  their  mode!  the  use  of  attrition  or  kill  rates,  allocation  factors,  and  also  in¬ 
telligence  factors.  In  addition,  they  consider  firing  doctrine,  terrain  interactions,  the  comparison  of 
analytical  and  Monte  Carlo  simulation  results,  and  they  also  give  some  account  of  the  Army’s  use  of 
their  analytical  models  or  development.  In  connection  with  the.  study  of  battalion  task  force  activities, 
Bonder,  Farrell,  et  a{.  (Ref.  8)  contribute  many  significant  findings  to  the  broad  subject  of  analyzing 
combat  between  heterogeneous  forces.  Although  we  cannot  delve  extensively  into  these  subjects  here, 
systems  analysts  having  some  interest  in  similar  applications  will  want  to  study  Refs.  7  and  8,  and  also 
the  various  con 'ributions  of  Thrall  et  al.  (Ref.  6). 

For  our  illustrative  purposes  here,  we  sketch  some  of  the  work  of  Willis  (Ref.  9).  In  connection  with 
his  studies  of  mathematical  models  of  weapon  systems  and  tactics  in  land  combat,  Willis  (Ref.  9)  es¬ 
tablishes  Lanchester  type  (heterogeneous)  square  laws  involving  Blue  tanks  Bu  Blue  artillery  Bt,  Blue 
aircraft  Bt ,  Red  tanks  Rit  and  Red  artillery  /?*  to  illustiate  the  generality  of  possible  applications  of 
available  theory.  He  then  uses  the  following  attrition  equations  : 

Bine  tanks: 

=  ,  (29-55) 

at  which  Red  tanks  can  kill  Blue  tanks.  (Only  Red  tanks  attack  Blue  tanks.) 

Blue  artillery: 
dB, 

—  =  -0nRt  (29-56) 

where  dn  **  rate  at  which  Red  artillery  can  kill  Blue  artillery.  (Only  Red  artillery  attacks  Blue  artil¬ 
lery.) 

Blue  aircraft: 


dB , 
dt 

where  =  rate 


dBt 

—fi-  ~  -PasaRi 

where  we  see  that  only  Red  tanks  attack  Blue  aircraft  and 
du  m  Blue  aircraft  attrition  rate  by  Red  tanks,  per  sortie  flown 
x  »  sortie  rate,  per  available  Blue  aircraft 
a  ■  Blue  aircraft  availability  rate. 


(29-57) 
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Red  tanks: 


dRx 

dt 


-pnBi  ~  PngRa  ~  P»iasfBa  +  rQ 


(29-58) 


where  we  see  that  Blue  tanks,  Blue  artillery,  and  Blue  aircraft  all  have  the  capability  to  attack  Red 
tanks,  and 

pn  =  rate  at  which  Blue  tanks  can  kill  Red  tanks 
Pti  =  rate  at  which  Blue  artillery  can  kill  Red  tanks 
pn  =  rate  at  which  Blue  aircraft  kill  Red  tanks 

g  =  fraction  of  Blue  artillery  employed  against  Red  tanks  (the  rest  being  used  against  Red  artil¬ 
lery) 

a  =  aircraft  availability  rate 
s  =  sortie  rate,  per  available  aircraft 

/  =  fraction  of  Blue  aircraft  sorties  employed  against  Red  tanks  (the  rest  being  used  against  Red 
artillery) 

r0  =  replacement  rate  for  Red  tanks. 

Red  artillery: 


aRj 

~dt~ 


~Pm(1  -  g)Bt  -  pnsa{\  -  f)Bt 


(29-59) 


where  we  see  that  Blue  artillery  and  Blue  aircraft,  but  not  Blue  tanks,  attack  Red  artillery,  and 
pn  -  rate  at  which  blue  artillery  can  kill  Red  artillery 
Pn  ~  rate  of  attrition  of  Red  artillery  by  Blue  aircraft 

1  -  g  .  =*  fraction  of  Blue  artillery  employed  against  Red  artillery  (the  rest' against  Red  tanks) 
s  —  sortie  rate 
a  =  aircraft  availability  rate 

1  —  /  =  fraction  of  Blue  aircraft  employed  against  Red  artillery. 

One  may  easily  see  and  appreciate  not  only  the  generality  but  also  the  considerable  amount  of  flex¬ 
ibility  that  can  be  incorporated  into  the  Lanchcster  type  equations  describing  combat  of  heterogene¬ 
ous  forces. 

Finally,  we  remark  concerning  the  solutions  of  (linear  differential)  equations  such  as  Eqs.  29-55 
through  29-59  that  even  though  the  general  approach  of  the  matrix  exponential  Eq.  29-53  may  be  used, 
one  might  be  able  to  employ  a  “trick”  or  rather  straight-forward  solution.  By  this  we  mean  that  often 
one  or  more  of  Eqs.  29-55  through  29-59  could  be  differentiated,  thereby  giving  second-order  differen¬ 
tial  equations.  Since  the  first  derivatives,  i.e.,  Eqs.  29-55  through  29-59  exist,  they  may  be  substituted 
into  the  second-order  equations.  Now  since  the  second-order  differential  equations  are  in  standard 
form,  one  has  only  to  refer  to  a  textbook  on  the  subject  such  as  Ref.  10  for  their  solution. 

With  the  given  definitions  of  coefficients,  Willis  (Ref.  9)  provides  some  informative  examples  based 
on  the  certain  values  of  the  coefficients.  In  particular,  suppose  we  omit  terms  Bt  and  Rt  involving  Blue 
and  Red  artillery  for  sake  of  computation,  so  that  Blue  tanks  and  aircraft  attack  Red  tanks,  but  Red 
tanks  can  attack  Blue  tanks  and  not  Blue  aircraft.  Further,  take  the  values  of  the  remaining  parameters 
as 
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pu  =  0.003 

s 

=  0.004 

dn  =  0.001 

ba 

=  0.05 

a  =  0.70 

Pit 

=  2 

where  ba  =  Blue  aircraft  attrition  rate  per  sortie.  Then  for  a  Blue  goal  of  killing  either  400  or  300  Red 
tanks  in  16-2/3  h  of  combat,  Table  29-1  indicates  different  combinations  of  Blue  aircraft  and  tanks 
needed  to  do  the  job  for  the  attrition  rates  given.  We  see  from  Table  29-1  combinations  upon  which  to 
make  a  selection  based  on  total  cost  or  other  criteria. 

A  very  interesting  feature  of  this  type  analysis  concerns  the  trade-off  between  Blue  tanks  and  Blue  air¬ 
craft  and,  as  Willis  (Ref.  9)  points  out,  this  depends  on  two  major  uncertainties:  (1 )  the  time  duration 
of  combat,  and  (2)  the  ratio  of  Blue  tank  effectiveness  pu  to  Red  tank  effectiveness  dn-  In  this  connec¬ 
tion,  and  for  the  given  assumed  numerical  values  of  the  parameters,  Willis  (Ref.  9)  calculates  Table  29- 
2.  Hence,  one  may  appreciate  the  importance  of  such  analyses  to  the  weapon  decision-making  process. 


TABLE  29-1.  COMBINATION  OF  BLUE  AIRCRAFT  AND  BLUE  TANKS 
REQUIRED  TO  KILL  A  GIVEN  NUMBER  OF  RED  TANKS 


Combination*  of  Blue 
Aircraft  and  Tanks  Needed 


Number  of  Red  Tank* 

Blue  Must  Kill 

Aircraft 

Tanks 

400 

100 

133 

75 

200 

50 

267 

300 

100 

33 

75 

100 

50 

167 

TABLE  29-2.  TRADE-OFF  BETWEEN  BLUE  TANKS  AND  BLUE  AIRCRAFT 

AS  A  FUNCTION  OF  pu/du 

Number  of 
Blue  Tank* 

Equivalent 

Combat  Tune,  to  One  Blue 

min  Aircraft 


1  to  1 

2000 

8.5 

1000 

6.2 

500 

5.8 

3  to  1 

2000 

5.3 

1000 

2.7 

500 

Z2 
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As  a  matter  of  fact,  the  trade-off  equivalence  between  tanks  and  aircraft  brings  forward  the  concept  of 
weapon  equivalence  studies,  or  equating  the  effectiveness  of  diverse  weapons,  which  we  will  discuss  in 
Chapter  30. 

We  now  cover  some  other  extensions  of  Lanchester’s  basic  laws  of  combat,  and  in  particular  discuss 
battles  of  many  individual  duels  and  the  relative  value  of  intelligence,  command,  and  control  effi¬ 
ciency. 

29-6  LANCHESTER’S  LINEAR  LAW  AND  THE  BATTLE  OF  MANY  DUELS 

In  Chapter  17  we  discussed  and  presented  models  and  techniques  for  analyzing  several  types  of 
stochastic  duels,  and  we  brought  out  the  possibility  that  some  battles,  especially  for  homogeneous 
forces,  might  well  be  treated  in  terms  of  many  individual  duels.  Heilman  (Ref.  1 1)  made  a  study  of  a 
stochastic  model  of  military  engagements  which  are  assumed  to  involve  individual  duels  between  com¬ 
batants.  Heilman  assumes  that  the  duels  between  individual  Blue  forces  and  individual  Red  forces 
start  at  the  ordered  (random)  times,  0< »,<<*<•••  </„<•••,  where  this  sequence  of  times  follow  a 
Poisson  process  of  density  X.  This  means  that  the  probability  density  function  /(»)  of  n  duels  begun 
during  the  time  interal  zero  to  t  will  be  given  by 

/(/)  =  [exp(— X/)](X/)"/«"  (29-60) 

Thus,  the  parameter  X  may  be  estimated  from  any  typical  data  on  target  detection  and  engagement 
times  or  otherwise  hypothesized  realistically.  Heilman  (Ref.  11),  as  a  special  case  of  interest  in  his 
more  general  theory,  also  assumes  that  the  probability  density  function  h(t)  of  the  duration  of  a  duel  is 
stochastic  and  follows  an  exponential  law  given  by  . 

h(t)  -  nexp(-nt)  (29-61) 

where  n  is  the  rate  at  which  duels  are  completed  and  the  mean  or  expected  time  of  an  individual  duel  is 
1/M •  Now  a  duel  will  always  result  in  the  elimination  of  one  or  the  other  combatants,  and  we  define 
p  -  chance  that  a  Blue  wins  a  duel  against  a  Red 
q  *  1  —  p  m  chance  that  a  Red  attrits  a  Blue 
B»  '**  initial  number  of  Blue  forces 
Ra  *  initial  number  of  Red  forces 
B  *  (random)  number  of  remaining  Blue  forces  at  time  t 
R  ”  (random)  number  of  remaining  Red  forces  at  time  t. 

Finally,  for  this  type  of  battle,  we  w  ill  be  interested  in 

B  m  average  number  of  surviving  Blue  forces  at  time /'of  battle 
and 

B  ■  average  number  of  surviving  Red  forces  at  time  t  of  battle. 

Heilman  gives  B  and  Bum 

B  •  B9  -  X?{*  -  {1  -  exp(-ftt)]/n\  (29-62) 

and 

B  -  R,  —  \p{t  -  [1  ~  exp  (-pU)]/iA).  (29-63) 
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Clearly,  these  are  relatively  simple  equations  for  a  battle  consisting  of  a  series  of  stochastic  duels,  and  p 
and  q  may  easily  be  estimated  from  the  principles  of  Chapter  17.  Also,  we  remark  that  Heilman’s 
theory  gives  us  the  opportunity  to  compare  the  results  of  the  Lanchester  deterministic  linear  type  laws 
(Chapter  28)  with  that  of  the  stochastic  battle  results  of  Eqs.  29-62  and  29-63. 

Heilman  (Ref.  11)  also  shows  that  the  same  form  of  the  familiar  Lanchester  Linear  Law,  or 

p(B0  -  B)  =  q{R0  ~  R)  (29-64) 

still  holds  even  for  this  stochastic  case. 

Finally,  Heilman  is  able  to  derive  expressions  for  P(B,R,t)  or  the  chance  that  B  Blue  and  R  Red 
forces  survive  at  time  t. 

EXAMPLE  29-3: 

.  A  computerized  simulation  of  many  Blue  versus  Red  tank  battles,  involving  20  tanks  on  each  side, 
indicates  that  on  the  average  Blue  had  1 5  tanks  remaining  after  60  min  of  battle  time  and  Red  had  only 
10.  Assume  the  tank  battle  may  be  described  as  a  series  of  duels;  what  can  be  said  about  the  chance 
that  a  Blue  tank  will  win  in  a  single  engagement  against  a  Red  tank? 

We  note  from  Eqs.  29-62  and  29-63  that  our  solution  for  p  and  hence  q  is  quite  independent  of  the 
parameters  \  and  ft,  and  even  also  of  the  time  t.  In  fact,  the  ratio  p/q  depends  only  on  B *  R&  S  and  7? — 
or  on  proper  division  of  Eqs.  29-62  and  29-63 — with  the  result 

q/p  =  (Bo  ~  B)/(R0  -  7?)  (29-65) 

which  is  Eq.  29-64  also.  Thus, 

q/p  =  (20  -  15)/ (20  -  10)  =  0.5. 

That  is  to  say,  since  p  +  q  -  1 , 

p  —  0.67  and  q  =  0.33. 

Thus,  we  see  that  Blue’s  chance  of  winning  an  individual  duel  against  Red  is  0.67,  and  indeed  this 
figure  may  easily  be  estimated  from  rather  cursory  data  on  the  initial  and  remaining  numbers  of  forces. 


29-7  THE  VALUE  OF  COMMAND  EFFICIENCY  IN  COMBAT 

It  is  well  known  that  intelligence  of  enemy  activities,  surprise,  and  good  command  and  control  of  an 
Army  will  offset  enemy  advantages  and  indeed  may  often  result  in  superiority.  Schreiber  (Ref.  12) 
studied  this  very  problem  in  connection  with  the  use  of  Lanchester’s  Linear  Law  for  area  fire.  He  con¬ 
siders  two  opposing  homogeneous  forces  in  an  engagement  which  consists  of  a  sufficiently  large  num¬ 
ber  of  similar  weapons  on  a  side,  although  Blue  and  Red  weapons  could  be  different  types.  During  the 
battle,  every  unit  of  each  force  is  within  range  of  and  can  be  fired  upon  by  every  unit  of  the  opposing 
force,  and  the  battle  ends  when  one  force  annihilates  the  other.  Schreiber  (Ref.  12)  says: 

“When  the  battle  starts  each  force  has  complete  information  of  the  locations  of  the  enemy  units. 
During  the  battle  each  force  employs  an  intelligence  system  to  provide  information  on  the  effect  of  its 
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fire  on  enemy  units,  and  the  effect  of  enemy  fire  on  its  own  units.  This  information  is  used  by  a  com¬ 
mand  and  control  system  to  redirect  fire  with  the  object  of  always  distributing  it  uniformly  over  surviv¬ 
ing  enemy  units,  and  in  particular,  avoiding  wasteful  fire  on  targets  already  destroyed. 

“The  effectiveness  of  the  intelligence  and  command  and  control  systems  in  this  type  of  battle  can  be 
measured  by  the  fraction  of  the  enemy’s  destroyed  units  from  which  fire  has  been  redirected.  If  this 
fraction  is  one,  fire  is  always  directed  only  at  the  enemy’s  surviving  units  and  no  ‘overkilling’  results;  if 
it  is  zero,  fire  is  directed  all. during  the  battle  against  the  original  enemy  positions,  and  much  of  it  is 
wasted  in  ‘overkilling’.  This  fraction  will  be  called  the  ‘command  efficiency  ',  and  is  assumed  to  be  con¬ 
stant  throughout  the  battle. 

“Assuming  that  the  battle  lasts  long  enough  for  some  units  to  fire  at  least  several  rounds,  and  that 
the  initial  number  of  units  on  either  side  is  sufficiently  large,  the  following  equations  hold:’’ 


-0BR/[B9  -  e„(B0  -  B) ] 


(29-66) 


—  —pBR/[R0  —  *b(/? o  *"  ^?)] 


(29-67) 


where  B,  R,  B*  R,  and  time  t  are  as  previously  defined,  and 
*  command  and  intelligence  efficiency  of  Blue 
tn  m  command  and  intelligence  efficiency  of  Red. 

Note,  for  example,  in  Eq.  29-66  that  if  Red’s  intelligence  and  command  efficiency  is  eR  =  0,  then 


-tf/BJBR 


(29-68) 


which  is  of  the  form  of  Lanchester’s  Linear  Law  for  area  fire,  and  Red’s  effectiveness  is  so  limited. 

On  the  other  hand,  if  tR  *■  1,  i.e.,  Red  has  complete  intelligence  and  conducts  a  most  efficient  battle 
against  Blue,  then  Eq.  29-66  reduces  to 


(29-69) 


which  is  none  otlier  than  the  ordinary  Lanchester  Square  Law. 

Hence,  the  outcome  of  the  battle  may  well  depend  on  the  relative  intelligence  and  command  effi- 
ciencies  of  the  Blue  and  Red  sides. 

Schreiber  shows  that  for  a  draw  or  parity,  then 


0R}/(2  -  *.)  -  pBlf  (2  ->»). 


(29-70) 


Thus,  an  increase  in  the  value  of  the  intelligence  and  command  efficiency  from,  say,  an  initial  value  *# 
to  some  final  or  top  level  4  will  increase  the  combat  power  by  the  equivalent  ambunt  as  an  increase  in 
numerical  strength  given  by  the  fraction  F,  or 


'(2  -  <.)/(2  -  ')  -  1. 


(29-71) 
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Hence,  Schreiber  constructs  Table  29-3  to  indicate  the  value  of  good  intelligence  and  command  con¬ 
trol. 

Needless  to  say,  the  advantages  of  target  intelligence  and  superior  command  and  control  are  very 
substantial  indeed  and  up  to  a  maximum  of  about  41  %! 

As  a  point  of  some  particular  interest,  Schreiber  shows  that  if,  for  example,  Blue  wins  by  an¬ 
nihilating  Red,  but,  of  course,  suiters  the  fractional  loss  (Bt  —  B)/Ba  in  doing  so,  then  this  quantity  is 
given  by 

(5,  -  B)/B%  =  {1  -  [1  -  (2  -  eMRi/ipBDY'Ve*  (29-72) 

Thus,  it  is  noted  in  Eq.  29-72  that  the  fractional  loss  of  the  winning  force,  Blue,  is  the  same  for  all 
values  of  p,  B*  and  e*  which  result  in  the  same  relative  “combat  power”  for  Blue  given  by  Schreiber  as 
the  right  hand  side  of  Eq.  79-70.  This,  however,  means  that  the  absolute  loss  is  minimized  by  the 
smallest  value  of  B%,  the  initial  starting  force.  Therefore,  as  Schreiber  points  out,  if  minimizing  battle 
losses  is  the  required  criterion,  and  assuming  the  kill  rate  p  fixed,  then  the  “combat  power”  should  be 
attained  by  increasing  command  efficiency  rather  »han  by  increasing  the  number  of  Blue  weapon 
units!  In  summary,  the  modified  Lanchester  Eqs.  29-66  and  29-67  throw  much  light  on  the  relative  im¬ 
portance  of  intelligence,  command,  and  control  as  they  affect  combat  capability  along  with  the  effec¬ 
tiveness  of  weapons. 

29-8  SOME  ADDITIONAL  CONSIDERATIONS 

In  our  account  of  Lanchester  combat  theory  we  have  presented  “deterministic”  theory  primarily  but 
nevertheless  have  also  introduced  stochastic  or  probabilistic  considerations  in  connection  with  changes 
of  state  from  the  numerical  forces  on  each  side  to  a  smaller  number  of  combatants.  Also  we  have  used 
the  random  times  at  which  targets  on  each  side  have  been  killed,  or  put  out  of  action,  to  establish  ap¬ 
propriately  fitted  (Weibull)  kill-time  distributions  and  advantageously  estimate  future  casualties  after 
some  point  of  truncating  the  battle  or  simulation. 

For  the  deterministic  approach,  and  as  pointed  out  by  Taylor  (Ref.  1)  in  his  Figs.  22  through  27,  for 
example,  the  battle  time  results  for  the  more  complex  stochastic  transition  probability  equations  ap¬ 
proach  those  of  the  simpler  deterministic  models  for  sufficiently  large  numbers  of  forces.  Hence,  in 
such  cases  the  systems  analyst  will  naturally  make  his  inferences  from  applying  deterministic  models, 
whenever  possible.  This  also  suggests  that  random  effects,  nevertheless,  may  be  particularly  important 
for  combat  among  small  numbers.  _ 


TABLE  29-3.  EQUIVALENT  PERCENT  INCREASE  IN  NUMERICAL  STRENGTH 
CORRESPONDING  TO  AN  INCREASE  IN  COMMAND  EFFICIENCY  FRO  „  to  t 


1 

OS  0.4  OjC  04  ho 

0 

5.4  11.8  19.5  29.1  41.4 

0.2 

6.1  13.4  22.5  34.2 

0.4 

6.9  1S.S  26.5 

06 

8.1  18.3 

0.8 

9.6 
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Clark  (Refs.  13  and  14)  has  made  a  rather  extensive  investigation  of  this  problem  and  found,  for  the 
Lanchester  Square  Law  attrition  process  and  the  same  values  of  the  attrition  coefficients,  that  the  force 
level  results  were  greater  for  the  stochastic  analysis  than  the  corresponding  deterministic  model. 
Taylor’s  Figs.  25  through  27  of  Ref.  1,  which  is  readily  available,  give  some  of  Clark’s  numerical 
findings  on  this  subject. 

Concerning  the  analysis  of  random  kill  times  for  targets  on  each  side  in  a  battle,  the  models  for  this 
situation  were  discussed  in  par.  28-12  for  homogeneous  forces  on  each  side.  A  suggestion  to  extend  this 
type  of  analysis  to  heterogeneous  forces  is  advanced  by  Grubbs  and  Shuford  (p.  939,  Ref.  15). 

For  a  discussion  of  a  variety  of  Lanchester  type  differential  equation  models  and  some  seven  different 
measures  of  effectiveness,  the  reader  is  referred  to  a  paper  by  Willis  (Ref.  16).  In  fact,  Willis  discusses 
measures  of  effectiveness  which  include  the  loss  rate  difference,  the  ratio  of  percent  losses,  the  loss 
ratio,  differences  in  losses,  surviving  force  ratio  (effectiveness  of  a  force),  fractional  reduction  in  force 
ratio,  and  percent  losses  of  a  side  at  the  time  of  a  battle  when  losses  on  the  other  side  reach  a  specified 
value. 

Weiss  (Ref.  17)  discusses  optimum  tactics  for  a  combat  model  which  includes  a  primary  and  sup¬ 
porting  weapon  system  on  each  side,  and  covers  the  implications  on  force  structure  depending  upon 
the  weapon  range,  cost,  and  parametrically  specified  performance. 

Some  other  topics  of  interest  associated  with  this  chapter  are  given  in  the  Bibliography. 

29-9  SUMMARY 

The  aim  of  Chapters  28  and  29  has  been  that  of  presenting  to  the  analyst  a  rather  comprehensive 
base  of  useful  Lanchester  type  combat  models  which  should  aid  in  numerous  applications  requiring 
management  decisions  on  weapons  and  forces.  The  basic  models  for  homogeneous  forces  in  Chapter  28 
and  the  extensions  in  this  Chapter — including  additional  terms  of  analysis,  along  with  the  important 
case  of  heterogeneous  forces  on  each  side,  and  the  value  of  command  efficiency — should  give  the 
systems  analyst  a  considerable  amount  of  expertise  so  that  he  can  extend  his  knowledge  and  applica¬ 
tions  to  a  wide  variety  of  combat  theory  type  problems  or  uses.  Some  of  the  typical  examples  present¬ 
ed  herein  also  should  indicate  some  of  the  many  areas  of  application. 
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CHAPTER  30 

WEAPON  EQUIVALENCE  STUDIES 

A  discussion  is  given  of  one  of  the  fundamental  and  currently  key  studies  in  the  evaluation  of  weapon  systems;  namely, 
the  problem  of  quantifying,  comparing,  or  equating  in  some  way  the  relative  performance  of  diverse  weapon  systems. 
Thus,  can  the  effectiveness  of  infantry  antitank  weapons  In-  equated  to  that  of  lank  armament  against  common  targets,  or 
can  infantry  effectiveness  measures  be  " equated ”  through  some  deterministic  scale  to  equivalent  measures  of  effectiveness 
( M  OE)  for  artillery?  Also,  in  general  can  one  determine  a  useful  overall  value  or  worth  of  a  military  unit  with  com¬ 
bined  arms,  so  that  a  proper  comparison  can  be  made  in  judging  chance  of  success  in  defeating  some  hypothesized  enemy 
unit  with  perhaps  the  same  or  different  set  of  heterogeneous  weapons?  A  survey  is  given  of  recent  analytical  work  on  this 
important  and  useful  topic  to  convert  combined  arms  or  heterogeneous  force  M OE 's  to  equivalent  homogeneous  values  for 
all  weapons  of  the  same,  identical  type.  Obviously,  it  can  be  seen  that  some  introductory  matrix  applications  are  very 
useful,  or  even  needed,  to  handle  problems  of  this  type,  and  indeed  the  use  of  eigenvalue  techniques  help  in  obtaining  the 
solutions  on  suitable  and  common  grounds. 

The  killer-victim  scoreboard  is  discussed  and  examples  of  equivalence  type  studies  are  given  for  indicated  applica¬ 
tions. 

We  note  also  that  the  methods  of  this  chapter  can  be  used  to  develop  combat  unit  values  as  accurately  quantified  inputs 
for  theat'T-level  war  games. 

30-0  LIST  OF  SYMBOLS 

A 

A  »  L  0uPn  -  Kj  of  Eq.  30-48  also 

i-i 

a,j  ”  number  of  j  type  weapons  eliminated  by  i  type  weapons  in  some  time  /  for  a 
“killer-victim”  scoreboard 

B  —  £  Pu  Ptt 

i-i 

B,  *  B,{t)  m  number  of  Blue  type  '  weapons  remaining  at  any  time  /  of  the  battle 
(•-1.2 . b) 

[5]  ■  column  vector  of  numbers  of  Blue  weapons  in  Eq.  30-4 
[dB/dt]  ~  time  derivative  vector  of  Blue  weapon  numbers 

_  ► 

B  **  weighted  average  Blue  force  •  £  wt,B,  m  Vt(B) 

»-t 

Bu  -  number  of  Blue  type  i  weapons  at  time  t 

B,m  ■  initial  number  of  Blue  type » weapons  in  the  mth  engagement 
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c  =  particular  constant  of  proportionality  =  1//J *  =  1/p* 
£  =  Z  duPu 

i-i 


column  vector  for  Blue 


[£r] 


F 

F. 

F* 

I/] 

Kaflm 

Kltifm 

k 

k 

t 

M 

[M] 

[A/.1 

[A/.i 

(A/«) 

i«i 


col  urn."  vector  for  Red 


F(<)  “  force  ratio  of  Blue  to  Red  at  general  time  t 
V„(B)/Vt(R)  *  initial  force  ratio,  Blue  to  Red 

Vt(R)/  Va(R)  *  fraction  of  relative  Red  initial  strength  remaining  at  time  t 
identity  matrix 

total  number  of  kills  by  Red  type  j  weapons  of  Blue  type  t  weapons  in  the 
with  engagement 

total  number  of  kills  by  Blue  type » v  capons  of  Red  type  j  weapons  in  the 
mth  engagement 

superscript  for  number  of  iterations  in  Eqs.  30-37, 30-38,  and  30-39 
largest  eigenvalue  of  a  matrix  in  Johnsrud’s  notation  (see  Eqs.  30-68) 
integer  “  1, 2,... 

total  rumber  of  small  unit  engagements  considered 
general  matrix 

submatrix  of  [A/]  in  Eq  30-30 

submatrix  of  (Af  ]  in  Eq.  30-30 

submatrix  of  \M\  in  Eq.  30-30 

Johnsrud’s  notation  for  number  of  type  i  weapons 

Bx  type  1  Blue  weapons 

B%  type  2  Blue  weapons 


a»  ■  Bt  type  k  Blue  weapons 
Rfr+i  "  Rt  type  1  Red  weapon? 
"  R*  type  2  Red  weapons 


**♦,  “  R,  type  r  Red  weapons 
(A]  “  [p]  [01  *  product  of  kill-rate  matrices 
IF)  ■  IflUfi]  m  product  of  kill-rate  matrices 
[F]  ■  column  vector  of  numbers  of  Red  weapons  in  Eq.  30-5 
[dR/dt\  m  time  derivative  vector  of  Red  weapon  numbers 


30-2 
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r 

7F  =  weighted  average  Red  force  =  £  wr/Rj  =  Va(R) 

Rj  =  R,(t)  “  number  of  Red  type  j  weapons  remaining  at  any  time  t  of  the  battle 

O'  ■  1.2 

=  initial  number  of  Red  type  j  weapons  in  the  mth  engagement 
Rj,  =  number  of  Red  type j  weapons  at  time  t 
r  *  number  of  types  of  Red  weapons  employed  in  a  battle 
t  =  time 

Alm  “  time  duration  of  mth  engagement 

>  _ 

Vt{B)  *  £  wriBi  -  initial  value  of  all  Blue  weapons  ==  5  (ave) 

4-1 

7t(R)  *  £  wrjRj  “  initial  value  of  all  Red  weapons  =  7?  (ave) 

K(B)  *  value  of  equivalent  Blue  strength  at  time  t 
V,(R)  *  value  of  equivalent  Red  strength  at  time  t 
[W]  m  new  vector  defined  in  Eq.  50-37 
w  m  tPn/wm  (see  Eq.  30-59)  • 

[wB]  *  column  vector  for  weights  or  values  of  Blue  weapons 
(»*)  *  column  vector  for  weights  or  values  of  Red  weapons 
wB ,  *  value  or  weight  of  Blue  type  i  weapon  (i  «  1 ,2, ....  6) 
wMJ  "  value  or  weight  of  Red  type  /  weapon  (/  »  1,2,. . . ,  r) 

W,  »  relative  worth  or  value  of  lype  i  weapon  ( Johnsrud’s  notation) 

Wu  Wi . . . ,  W%  »  w*,,  . . .  ,»**,  respectively 

W*+I,  respectively 

(  ]T  •  transpose  of  a  vector  or  matrix 

aQ  m  detectability /availability  factor  or  chance  for  Blue  type  i  weapons  engag¬ 
ing  Red  type  j  weapons 

[/J]  *  Red’s  kill  rate  matrix  against  Blue  in  Eq.  30-6 
fit  m  constant  of  proportionality  in  Eq.  30-23 

pjt  m  constant  rate  at  which  a  Red  type/ weapon  kills  a  Blue  type  i  weapon,  u nit, 
etc. 

y  *»  eigenvalue  (Howes-Thrall)  ■  A*  (Johnsrud) 

X  -  «* 

» 

K»  **  E  0uPn 

4-1 

[p j  “  Blue’s  kill  rate  matrix  against  Red  in  Eq.  30-7 

PH  "  constant  rate  at  which  a  Blue  type  i  weapon  kills  a  Red  type  j  weapon,  unit, 
etc. 

»  constant  of  proportionality  in  Eq.  30-22 

30*1  JNTIODUC TION 

In  a  battle,  it  is  likely  that  friendly  infantry  will  fight  enemy  infantry;  tanks  will  fight  tanks;  and  ar¬ 
tillery  will  attack  artillery  some  of  the  time  but  often  will  be  used  against  personnel  targets  as  well. 
Nevertheless,  in  recent  military  history  infantry  personnel  have  been  provided  weapons  to  attack  hird 
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targets  such  as  tanks,  and  hence  man  portable  antitank  weapons  are  becoming  a  real  threat  as  tank 
killers,  especially  on  a  smaller  cost  basis.  In  addition,  tanks  have  the  capability  not  only  to  attack  other 
tanks,  but  can  be  used  advantageously  to  attack  enemy  personnel  such  as  infantry  or,  in  break¬ 
throughs,  may  overrun  many  types  of  enemy  positions  including  those  of  artillery.  Artillery  also  has 
the  capability  to  attack  tanks,  trucks,  or  personnel  in  protected  positions.  Thus,  it  is  seen  that  the 
trend  has  been  toward  weapon  systems  which  have  the  advantage  of  being  “multipurpose”  in  charac¬ 
ter.  There  is  no  such  military  item  as  an  “all-purpose”  weapon  nor  is  it  very  likely  that  future  weapons 
can  be  used  for  “universal”  applications.  Hence,  the  different  types  of ’..capons  in  a  fighting  unit  will 
naturally  have  the  capability  to  take  on  the  same  or  some  common  types  of  targets,  and  in  this  way  will 
compete  with  each  other,  even  on  a  cost-effcctiveness,  or  some  other  basis.  In  addition,  there  is  the 
need  as  we  pointed  out  at  the  end  of  Chapter  8,  to  determine  the  overall  effectiveness  or  “fire  power”  of 
any  combat  unit.  Finally,  we  see  from  Chapter  29  that  studies  involving  combined  arms  or 
heterogeneous  weapons  invariably  run  into  much  analytical  complexity.  Therefore,  there  exists  much 
motivation  not  only  to  compare  competing  weapons,  but  also  to  try  and  equate  their  relative  worth  on 
some  common  scale.  Clearly,  this  should  be  possible — especially  since  different  weapons  under  study 
are  employed  to  attack  the  same  targets — and  hence  it  might  be  expected  that  a  useful  scale  of  relative 
values  could  be  established.  Moreover,  such  an  equivalence  study  of  different  type  weapons  could  be 
used  perhaps  to  simplify  the  complex  problems  of  combined  arms  studies,  i.e.,  the  placing  of  values  of 
heterogeneous  weapon  systems  on  a  common  or  homogeneous  basis.  This,  therefore,  is  the  goal  of 
weapon  equivalence  studies. 

To  approach  this  type  of  problem,  it  is  seen  that  either  key  or  meaningful  measures  of  effectiveness 
(MOE’s)  must  be  used  in  any  useful  analytical  development.  In  this  connection,  we  have  seen  that 
perhaps  one  of  the  most  important  and  “key”  measures  of  effectiveness  is  the  kill  rate  of  each  weapon 
on  a  side.  Thus,  we  must  find  some  analytical  means  of  converting  kill  rates  to  useful  quantities  on  a 
convenient  scale  of  measurement.  Some  authors  employ  the  “value”  of  Blue  and  Red  combined  arms 
or  forces,  and  use  the  sum  of  products  of  the  individual  weapon  “values”  and  numbers  of  weapons  on 
each  side  as  “good”  measures  of  the  relative  strengths  of  opposing  forces.  Others  may  use  the  concept 
of  “killer-victim”  scoreboards  which  may  easily  be  obtained  from  computer  simulations  of  battles.  The 
“killerrvictim”  scoreboard  is  a  matrix  of  elements  showing  how  many  of  each  type  of  weapon  were 
eliminated  in  a  battle  by  each  type  of  weapon  on  the  opposing  side.  Thus,  this  represents  a  very  useful 
measure  to  analyze,  especially  in  view  of  the  fact  that  currently  there  are  wide-spread  uses  of  computer 
simulated  battles,  and  also  there  is  an  urgent  need  to  analyze  the  typo  of  data  which  may  be  obtained 
therefrom.  Finally,  other  investigators  approach  the  problem  by  determining  “ideal  linear  weights” 
which  are  used  to  develop  a  “weighted  average”  of  the  effects  of  a  given  weapon  on  a  side  against  each 
of  the  enemy’s  weapon  types.  All  may  lead  to  the  same  results. 

In  our  account  here,  we.  will  follow  in  particular  the  work  of  Hoiter  (Ref.  1 ),  that  of  Howes  and 
Thrall  (Ref.  2),  Dare  and  James  (Ref  3),  Anderson  (Ref.  4),  Spudich  (Ref.  5),  and  Johnsrud  (Ref.  6) 
since  these  authors  seem  to  have  accomplished  some  of  the  more  significant  results  relative  to  the  prob¬ 
lem  of  weapon  equivalence  studies. 

30-2  BASIC  ASSUMPTIONS  AND  THE  ANALYTICAL  APPROACH 
30-2.1  PRELIMINARIES 

We  consider  a  battle  or  combat  situation  between  two  opposing  forces,  Blue  and  Red.  We  define  or 
hypothesize  the  following: 

B,  "  B,{t)  "  number  of  Blue  type  t  weapons  remaining  at  any  timet  of  the  battle  (<  “  1,2,...,*) 
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Rj  =  Rj(t)  =  number  of  Red  typej  weapons  remaining  at  any  time  t  of  the  battle  ( j  =  l,2,...,r). 
(Hence,  there  are  b  different  types  of  Blue  weapons  and  r  different  types  of  Red  weapons  employed  in 
the  battle.  Also,  Blue  and  Red  may  employ  the  same  types  of  weapons,  or  they  may  be  different  ones  of 
their  own  choice  or  availability.) 

0),  =  constant  rate  at  which  a  Red  typej  weapon  kills  a  Blue  type  i  weapon,  unit,  etc. 
ptJ  =  constant  rate  at  which  a  Blue  type  i  weapon  kills  a  Red  typej  weapon,  unit,  etc. 

(With  regard  to  0Jt  and  ptJ  and  their  definitions,  we  remark  that  for  some  applications  they  may  be 
defined  more  generally  than  just  in  terms  of  kill  rates.  In  fact,  these  might  be  extended  to  include  also 
chances  of  seeing  and  engaging  targets  on  the  opposing  side  and  in  addition  could  include  the  allbca- 
tion  type  factors  yJt  and  S,;  of  Eqs.  29-42  and  29-43,  for  example,  or  chances  of  weapon-target  engage¬ 
ments  for  heterogeneous  forces,  etc.  Such  will  depend  on  the  application  at  hand  and  the  need  for  such 
generality.) 

The  problem  of  weapon  equivalence  studies  is  to  find  the  weights  for  or  “values”  of  Blue  type  i 
weapons,  i.e., 

Wbu  wn,...,wBi,...,wBb 

and  Red  type  j  weapons,  i.e., 

wKuWM,...,wKj,...,wKr 

which  are  then  used  to  determine  the  linear  combinations 

K(B)  -  waiBt  +  wBiBt  +  •••  +  wBbBb *  =  JL  watBt  (30-1) 

and 

K(B)  =  wKlRt  +  WftiRt  +  •••  +  ivnrRr*  »  £  WrjR)  (30-2) 

where  Vb(B)  and  Vb(R)  are  good  overall  measures  or  “values”  of  the  relative  strengths  of  Blue  and  Red 
forces,  respectively,  at  time  zero.  Then,  for  example,  the  initial  “effectiveness  ”  or  force  ratio  ft,  usually 
for  attacker  to  defender  strength,  given  by 

ft  -  V'(B)/Vb(R)  (30-3) 

can  be  used  as  an  index  of  relative  force  strengths.  Moreover,  a  solution  for  the  individual  wB ,’s  and 
w„j's  provides  a  set  of  weapon  effectiveness  values  (WEV’s),  which  can  be  multiplied  by  the  corre¬ 
sponding  numbers  of  weapons,  or  force  levels,  on  a  side  tp  give  the  overall  unit  or  total  force  effec¬ 
tiveness  values  as  in  Eqs.  30-1  and  30-2. 


'Actually,  no  contusion  should  result  (ram  making  the  B,  and  Rt  either  the  initial  numbers  of  weapons  in  a  battle  or  the 
numbers  at  time  t. 
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[“>*] 


Wri 

Wr2 


U>Rr 


(30-9) 


Thus,  with  the  definitions,  Eqs.  30-4  through  30-9,  we  see  that  Eq.  30-1  may  be  expressed  as 

V(B)  =  K]r[5]  (30-10) 

where  the  superscript  T  means  transpose  of  the  column  vector  to  a  row  vector,  and  also  we  have  for  Eq. 
30-2  that 


V{R)  =  [wr)7[R). 


(30-11) 


In  summary,  therefore,  the  problem  is  to  establish  methodology  to  determine  some  sort  of  “good”  or 
“best”  column  vectors,  \wa ]  and  [w*].  These  vectors,  established  by  using  the  kill  rate  matrices  of  Eqs. 
30-6  and  30-7,  then  give  us  the  needed  weights  for  determining  overall  force  effectiveness. 

For  Lanchester’s  Square  Law  model  for  the  attrition  of  heterogeneous  forces  on  each  side,  we  see 
that  with  the  definitions  enumerated,  we  have  abo  the  differential  vectors 


and 


[dB/dt]  = 


dBJdt 

dBi/dt 


dBb/dt 


[  dR/dt] 


dRx/dt 

dRt/dt 

dRr/dt 


Then  the  appropriate  equations  in  matrix  form  are 


(30-12) 


(30-13) 


[dB/dt]  -  -[0]T[*]  (30-14) 

and 

[dR/dt]  • -[p\T[B).  (30^5) 

These  Lanchester  type  heterogeneous  force  equations  are  similar  in  form  to  the  basic  model  of  Eqs  s29- 
42  and  29-43,  except  for  convenience  here  we  have  used  symbolically  single  coefficients. 
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Before  proceeding  to  the  problem  of  converting  the  Lanchester  heterogeneous  case  to  an  equivalent 
form  for  the  Lanchester  combat  theory  homogeneous  case,  it  will  be  useful  and  informative  to  indicate 
some  particular  contributions  of  Holter  (Ref.  1)  and  some  illustrative  examples  of  the  kill  rate  matrices 
of  Howes  and  Thrall  (Ref.  2).  In  fact,  we  follow  initially  much  of  Holter’s  contributions  (Ref.  1 )  before 
proceeding  to  the  results  of  others. 

30-2.2  ESTIMATION  OF  KILL  RATES 

In  Ref.  1,  Holter  indicates  that  his  developments  on  the  weapon  equivalence  problem  were  per¬ 
formed  in  connection  with  a  study  entitled  “NATO  Combat  Capabilities  Analysis  II”  (COMCAP  II) 
under  the  sponsorship  of  the  Deputy  Chief  of  Staff  for  Operations  and  Plans,  Headquarters  Depart¬ 
ment  of  the  Army.  As  Holter  indicates,  “One  of  the  principal  objectives  of  the  study  was  to  develop 
weapon  effectiveness  values  (WEV’s)  and  unit  effectiveness  values  (UEV’s)  for  representative  US  and 
Soviet  forces  engaged  in  mid-intensity  combat  in  Western  Europe,  circa  1976.  The  objectives  of  the 
study  were  attained  by  analyzing  killer/ casualty  data  generated  by  an  exercise  of  the  D:  vision  Battle 
Model  (DBM)  over  some  six  days  of  simulated  warfare  in  the  European  theater.”  His  p  iper  (Ref.  1) 
presents  the  mathematical  description  and  justification  of  the  methodology  we  will  cover  here,  and  ap¬ 
pears  as  Appendix  D  of  the  COMCAP  II  final  Report  of  the  General  Research  Corporation’s  Opera¬ 
tions  Analysis  Division. 

Concerning  the  kill  rate  matrices,  [0j  and  [p],  the  elements  Bjt  and  ptJ  are  measures  of  the  killing 
poweis  of  individual  firers  on  one  side  against  different  types  of  targets  on  the  other.  Although  the 
analyst  may  try  to  estimate  such  quantities  realistically  from  weapon  performance  values  of  rate  of  fire, 
and  hit  and  kill  probabilities,  Holter  gives  equations  for  their  “realistic”  determination  in  COMCAP 
II  by  grouping  Division  Battle  Model  kilier/casualty  data  into  discrete  sets  of  small  unit  engagements 
according  to  Blue  posture:  delay,  defense,  or  counterattack.  The  estimates  of  kill  rates  are: 

•Pjt  ~  £  £  (ftjm)(Atm)  ,  (30-16) 

m  - 1  m-1 

and 

PtJ  -  £  w  £  (5<m)(AO  (30-17) 

IRal  M"1 

where 

M  »  total  number  of  small  unit  engagements  considered 

KBnm  *  total  number  of  kills  by  Red  type  j  weapons  of  Blue  type  i  weapons  in  the  mth  engagement 
RJm  ”  initial  number  of  Red  type  j  weapons  in  the  n  th  engagement 
Atm  m  time  duration  of  mth  engagement 

IC/ujm  m  total  number  of  kills  by  Blue  type  i  weapons  c  f  Red  type  j  weapons  in  the  mth  engagement 
Btm  m  initial  number  of  Blue  type  iweapons  in  the  nth  engagement. 

Thus,  the  more  realistic  the  Division  Battle  Model  |DBM)  is  played,  the  more  accurate  the  es¬ 
timates  of  attrition  rates  brought  about  from  the  two-:  ided  conflict  simulated. 

30-2  J  SOME  NUMERICAL  EXAMPLES  OF  KHL  KATE  MATRICES 

As  a  preamble  to  understanding  weapon  equivalence  studies  and  their  use  of  “ideal  linearized 
weights”,  Howes  and  Thrall  (Ref.  2)  give  some  rather  striking  numerical  example*  of  Blue  and  Red 
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side  potential  for  two  different  classes  of  weapons,  i.e.,  b  =  r  =  2,  and  this  should  be  informative  to  il¬ 
lustrate  here.  They  consider  for  the  sake  of  simplicity  only  an  infantry  weapon  class  and  an  artillery 
weapon  class,  for  which  1=7  =  1  indicates  infantry  and  i  —j  =  2  indicates  artillery.  Recalling  that 
the  first  subscripts  of  fiJt  and  p„  refer  to  rows  and  the  second  to  columns  of  matrices,  Howes  and  Thrall 
(Ref.  2)  illustrate  the  following  numerical  effectiveness  measures  for  the  killing  power  of  kill  rate 
matrices: 


0.5  0 

0.7  ti.2 


and  [/9] 


0.6  0 
0.6  0.1 


(30-18) 


Here,  the  numerical  kill  rate  matrices  indicate  that 

1.  In  infantry  combat  Red  is  more  effective  than  Blue,  i.e.,  0.6  vs  0.5. 

2.  Neither  Blue  nor  Red  infantry  has  any  capability  against  opposing  artillery,  i.e.,  0  vs  0. 

3.  Blue  artillery  is  superior  to  Red  artillery,  0.7  vs  0.6,  when  artillery  attacks  infantry. 

4.  Blue  and  Red  artillery  have  a  positive  effect  against  each  other,  with  Blue  being  a  bit  superior  to 
Red — i.e.,  0.2  vs  0.1. 

Now  if  the  effectiveness  matrices  are  changed  to  be 


0.1 

0.2 


and  [j3] 


0.6 

0.2 

0.6 

0.1 

(30-19) 


then  Blue  and  Red  are  given  some  capability  for  infantry  to  attack  opposing  artillery,  with  Red  having 
a  slight  upper  hand — 0.2  vs  0,1. 

The  following  kill-rate  matrices  show  that  Blue  (0.8)  and  Red  (0.5)  have  both  increased  their  ar¬ 
tillery  vs  artillery  capability,  but  their  infantry  units  nevertheless  have  zero  effect  against  artillery: 


0 

0.8 


and  [0] 


0.6 

0 

0  6 

0.5 

(30-20) 


Finally,  as  Howes  and  Thrall  (Ref.  2)  point  out,  if  the  artillery  units  of  Blue  and  Red  are  concealed, 
or  are  under  good  cover,  or  are  out  of  each  other’s  range,  then  the  effectiveness  matrices  may  become 


l P\ 


0.5  0 

0.7  0 


and  [0] 


0.6  0 

0.6  0 


(30-21) 


for  example.  Hence,  we  see  that  the  analyst  certainly  has  the  opportunity  to  use  much  flexibility  and 
generality  in  setting  up  weapon  systems  analyses  of  the  kind  we  are  illustrating  here.  In  fact,  these 
numerical  examples  should  give  us  a  good  background  to  study  the  relation  of  heterogeneous  force 
analyses  and  the  “equivalent”  homogeneous  forces  type  of  I.anchester  Square  Law. 

30-2.4  RELATION  BETWEEN  METHODOLOGY  FOR  LANCHESTER  HETEROGENE¬ 
OUS  AND  HOMOGENEOUS  FORCE  LAWS 
We  now  establish  one  of  the  major  results  on  which  weapon  equivalence  values  are  based.  This  im¬ 
portant  and  interesting  result  was  apparently  noticed  first  by  Dare  and  James  (Ref.  3)  and  subse¬ 
quently  elaborated  on  by  Thrall  (Ref.  7)  and  Anderson  (Ref.  4).  For  our  purpose  here,  we  follow  the 
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development  or  proof  given  by  Holter  (Ref.  1).  Holter  highlights  a  “major  premise”  concerning  this 
development: 

“The  total  value  of  a  number  of  weapons  of  a  given  type  on  a  side  is  directly  proportional  to  the  total 
value  of  the  opposing  forces  destroyed  by  those  weapons  per  unit  of  time.”. 

This  means  that,  as  a  direct  consequence  of  the  premise,  positive  constants  0B  and  p«  exist  and  can 
be  found  such  that  the  relationships  between  Blue  and  Red  weapon  effectiveness  values  (WEV’s),  or 
weights  Wat  and  wB) ,  can  be  written 


Pr[wb\  =  [pH^a]  (30-22) 

and 

&»[«’*]  =  [0]  [wB]  (30-23) 

where  the  vectors  [uiB j  and  [wR]  are  defined  by  Eqs.  30-8  and  30-9,  respectively;  the  kill  rate  matrices 
(/?]  and  [p]  by  Eqs.  30-6  and  30-7,  respectively;  and  0B  and  p*  are  constants  of  proportionality,  also  to 
be  determined  in  some  “optimum”  manner.  This  means  that  aside  from  constants  of  proportionality 
the  kill  rate  matrix  for  attriting  a  side  multiplied  by  the  “values”  (or  weights)  of  the  weapons  or  forces 
put  out  of  action  gives  a  vector  of  relative  values  for  the  weapons  on  the  opposite  side. 

We  can  now  transform  Eq.  30-22  successively  by  using  the  three  key  Eqs.  30-15,  30-10,  and  30-11. 
First,  in  view  of  Eq.  30-22  we  have  also  that 

[«6»]r[p]r  *  P*[wB] t-  (30-24) 

Then,  multiply  both  sides  of  the  equation  by  —1  and  on  the  right  by  [/?],  so  that  we  get 


-!«,„r{[p™}  =  -pad^m}. 

Finally,  using  Eqs.  30-15,  and  30-10,  we  see  that 

[wB]T[dR/dt\  —  —pB  V(B)  for  equivalence 
or 

-  -p*\w,\T[B]. 


(30-25), 


(30-26) 


But  this  last  equation  is  a  weighted  average  of  time  derivatives  for  all  of  the  Red  type  weapons  equated 
to  a  negative  constant  multiplied  by  a  weighted  average  of  all  Blue  type  weapons,  i.e.,  the  weighted 
averages  are  representative  single  values  for  the  different  types  of  weapons.  Expanded,  Eq.  30-26 
becomes  ' 

d 

~(wnRi  +  wnRt  +  ■••  +  WnrRr)  *  -pn{wa\Bx  +  wBtB,  +  •••  +  wBkBb)  (30-27) 


which  is  of  the  form  of  the  Lanchester  Square  Law  for  homogeneous  forces  in  terms  of  an  “average” 
Red  force  H  and  “average”  Blue  force  ff,  i.e., 
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dR 

dt 


Pr  B 


-PrIwbiB,. 


(30-28) 


Similarly,  for  Blue  attrition,  we  get 


dB 

dt 


—  Bb  R  —  ~Bb'Eu)rjRj. 


(30-29) 


Thus,  if  we  can  find  unique  values  of  ds.  pH,  and  the  “value”  or  weight  vectors  [u>B]  and  [icB],  for 
Eqs.  30-22  and  30-23,  then  Eqs.  30-10,  30-11,  30-22,  and  30-23  imply  that  one  may  go  from  the  heter¬ 
ogeneous  Lanchester  model,  Eqs.  30-14  and  30-15,  to  an  equivalent  homogeneous  Lanchester  model 
represented  by  Eqs.  30-28  and  30-29.  This  very  striking,  remarkable,  and  important  result,  apparently 
first  worked  out  by  Dare  and  James  (Ref.  3),  can  be  used  to  convert  the  heterogeneous  force  overall  ef¬ 
fectiveness  of  a  side  to  an  equivalent  value  in  terms  of  an  average  homogeneous  force,  so  to  speak. 


30-3  DETERMINATION  OF  VALUES  OR  WEIGHTS 

We  next  face  the  problem  of  determining  the  components  of  the  weight  vectors  [wB\  and  [w*] ,  and 
the  scaling  factors  dB  and  p*.  It  is  not  ordinarily  possible  to  determine  unique  values  of  all  of  these  un¬ 
knowns,  and  hence  in  order  to  make  this  possible  some  additional  assumptions  must  be  made  or  some 
criteria  must  be  set  in  advance.  Studies  of  this  problem  by  Dare  and  James  (Ref.  3),  Thrall  (Ref.  7), 
and  Anderson  (Ref.  4)  would  indicate  in  most  cases  that  the  product  (J Bpx  may  be  determined  unique¬ 
ly,  and  the  components  of  [u>B]  and  [wB]  may  be  determined  to  within  an  arbitrary  scaling  factor. 
Holter  (Ref.  1 )  points  out  that  if  the  matrices  [d]  (p)  and  [p]  (d)  determined  from  products,  as  in¬ 
dicated,  of  the  kill-rate  matrices  of  Blue  and  Red  are  “irreducible”,  then  there  is  one  and  only  one 
value*  of  the  product  of  factors  dsP*  that  leads  to  nonnegative  values  of  components  of  \wB\  and  [u>Bj, 
and  this  is  the  maximum  eigenvalue  of  [d]  [p]  or  [p]  [dl-  (This  maximum  eigenvalue  is  the  same  for 
both  products  of  kill-rate  matrices) .  A  nonnegative  square  matrix  [M\  is  said  to  be  “reducible”  if  it  har 
the  form 


[M\  - 


Mx  0 

Mt 


(30-30) 


where  [A/,1  and  [A/*J  are  also  square  matrices,  or  more  generally,  if  the  form  of  [ M ]  given  by  Eq.  SO¬ 
SO,  car.  be  obtained  by  a  reordering  of  the  rows  followed  by  the  same  reordering  of  the  columns.  Other¬ 
wise,  the  matrix  is  irreducible.  An  example  of  the  reducible  matrix  is  that  of  Eq.  30-18.  We  will  not  go 
any  further  into  the  subject  or  details  of  “reducible”  and  “irreducible”  matrices  here,  although  the 
reader  may  consult  Thrall  (Ref.  7),  or  Howes  and  Thrall  (Ref.  2)  for  further  information.  Holter  (Ref. 
1)  points  out  that  the  matrices  [dl  [p]  and  [pj  (d)  are  reducible  (i.e.,  not  irreducible)  if  at  least  two  op¬ 
posing  weapon  types  are  not  interacting  directly  with  the  other  participants  in  the  battle — and  in  his 
COMCAP  II  DBM  study  previously  referred  to  the  problem  of  reducibility  did  not  arise — so  that  ir- 
reducibility  is  usually  to  be  expected  for  many  heterogeneous  force  analyses. 

Some  of  the  assumptions  or  criteria  adopted  by  various  authors  in  their  studies  of  heterogeneous 
forces  to  estimate  weights  include  the  following: 
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1.  Dare  and  James  (Ref.  3)  take 

L  mt  ~  E  u>rj  =  1  (30-31) 

or  in  other  words  the  weights  or  values  must  add  up  to  unity.  Hence,  the  relative  worths  of  the  different 
.  types  of  weapons  are  placed  on  a  relative  frequency  basis,  and  the  vectors  in  Eqs.  30-8  and  30-9  may  be 
referred  to  as  “probability”  vectors. 

2.  In  Ref.  7,  Thrall  suggested  taking 


r 

pH  ~  ZU>KJ 
J- 1 

and 

Pa  =  £  wB t 
i-i 


(30-32) 


(30-33) 


so  that  the  weights  for  the  different  weapon  types  on  one  side  are  tied  in  with  the  scaling  factor  for  the 
other  side. 

3.  Howes  and  Thrall  (Ref.  2)  discuss  several  different  methods  for  determination  of  the  relative 
weights  or  values,  and  give  examples  of  their  recommended  “ideal”  weights.  The  interested  reader 
should  study  their  paper.  We  sketch  their  ideal  linear  weight  procedure  in  par.  30-6. 

With  reference  to  1,  2,  and  3,  a  possible  disadvantage — as  pointed  out  by  Hotter  (Ref.  1) — is  that 
the  weights  or  values  need,  to  be  cross-structured  so  that  the  overall  representative  strengths  or 
equivalent  fighting  powers  are  determinable  on  the  same  homogeneous  scale  and  in  terms  of  the  same 
weapon.  It  is  apparently  for  this  reason  that  Hotter  suggested  the  following  relationships  be  used 


fin  *  Ph  *  \/c 

where  c  is  a  single  scaling  factor  for  convenience,  and 
W»i  *  1 


(30-34) 


(30-35) 


for  the  designated  Blue  type  1  weapon.  (For  the  COMCAP  II  study,  Holter  designated  the  M60A3 
tank  as  the  Blue  type  1  weapon,  and  the  results  would  be  in  terms  of  relative  effectiveness  values  for  the 
M60A3.)  Another,  and  perhaps  simpler  procedure,  which  apparently  gives  equivalent  results,  is  that 
of  Johnsrud  (Ref.  6)  which  will  be  discussed  later.  The  advantage  of  both  the  Holter  procedure  and 
that  of  Johnsrud  is  that  all  Blue  and  Red  weapon  relative  weights  will  be  expressed  or  measured  in 
terms  of  the  worth  of  the  same  weapon,  although  we  recognize  that  other  techniques  to  determine  the 
“best”  or  “optimum”  weights  may  vary  for  different  applications  perhaps. 

We  now  turn  to  the  solutions  of  Eqs.  30-22,  30-23,  and  30-34.  These  equations  may  easily  be  com¬ 
bined  (Holter,  Ref.  1)  to  obtain 


(».]  -  <”MMM 


(30-36) 
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which  involves  only  the  scaling  factor  c  and  the  Blue  weight  vector  or  weapon  effectiveness  values. 
Holter  (Ref.  1)  gives  a  rapidly  converging  algorithm  (e.g.,  Ref.  8),  which  leads  to  unique  values  of 
A  =  c*  and  the  weight  components  of  both  [tf*]  and  [o>*].  Let  the  superscript  k  be  U3ed  to  denote 
values  obtained  at  the  end  of  the  kth  iteration.  Then  Holter’s  iteration  is; 

Step  1.  Put  k  =  1  (for  the  first  iteration). 

Step  2.  Set  all  components  of  (if*)'*’  for  k  -  1  equal  to  unity  to  start  the  iterative  process. 

Step  3.  Calculate  in  succession: 

(^T(M/]‘*>  =  (30-37) 

where  is  a  new  vector. 

(b)  A1*1  =  1  /W<k)  (30-38) 

where  Wik)  is  the  first  component  of  [W]lk)  at  that  iteration,  and  then  calculate 

(c)  [tt-*]1**1’  -  (30-39) 

Step  4.  Now  repeat  Step  3,  incrementing  k  by  unity  at  each  iteration,  until  a  value  A'** 11  =  X1*1,  at 

some  stage  or  iteration  k  to  within  a  specified  degree  of  accuracy.  The  iterations  converge  to 
a  unique  value  of  X  (see  Hildebrand,  Ref.  9)  and  the  vector  [t»*]  desired  with  wBx  =  1, 
assuming  the  matrix  [p]  [0]  is  irreducible.  . 

Step  5.  Calculate: 

(a)  r  =  V\  (30-40) 

(b)  with  the  value  of  c  from  Eq.  30-40,  calculate 

[w*]  -  c[0\[wB\  (30-41) 


where  \wa\  is  the  final  iterated  value  in  Eq.  30-39. 

The  final  vectors,  [m;*]  and  [a>*],  give  all  the  weights  or  relative  values  of  the  Blue  and  Red  weapon 
types,  and  the. total  force  values  or  strengths  are  found  from  Eqs.  30-1  and  30-2  or,  that  is,  Eqs.  30-10 
and  30-11. 

We  will  illustrate  the  methodology  with  a  very  simple  example  involving  only  two  different  types  of 
weapons  on  each  side.  The  principles  extend  to  any  number  of  weapon  types,  and  for  such  applica¬ 
tions  the  analyst  will  no  doubt  want  to  program  the  calculations  on  a  computer. 

EXAMPLE  30-1: 

A  Blue  infantry-mortar  “team”  meets  a  similar  Red  'Team”  in  the  jungle.  Blue  has  80  infantrymen 
with  rifles  and  24  mortars  for  the  attack.  Red,  on  the  other  hand,  is  estimated  to  have  about  60 
defending  riflemen  and  18  mortars.  Blue’s  kill-rate  matrix  (p)  against  Red  is 


and  Red's  kill-rate  matrix  \fi ]  Against  Blue  is 


Let  the  subscript  1  refer  to  riflemen  and  subscript  2  to  mortars.  Determine: 

1.  Relative  values  of  all  weapons  employed  in  the  engagement 

2.  Relative  strengths  of  the  forces 
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3.  Equivalent  force  ratio 

4.  Percentage  of  losses  for  the  winner  assuming  the  loser  breaks  battle  when  he  has  sustained  30% 
casualties. 

From  the  matrix  (p)  we  see,  for  example,  that  pu  =  0.1,  or  each  Blue  rifleman  kills  0.1  Red  rifle¬ 
man  per  time  unit  of  say  one  hour;  and  p«  =  0.2,  or  each  Blue  mortar  can  kill  0.2  Red  rifleman  per 
hour;  etc.  Similar  statements  may  be  made  for  [/8],  or  Red’s  kill  rates  of  Blues.  These  kill  rate  matrices 
may  have  been  estimated  from  calculations  of  hit  and  kill  probabilities,  and  rates  of  fire  for  the 
weapons  used  under  jungle  conditions.  Or  perhaps,  better  still,  they  might  have  been  determined  from 
combat  experience  records  of  a  similar  engagement  or  from  a  realistic  computer-simulated  battle  in 
jungle  canopy — the  better  the  kill  rates,  the  better  the  final  analysis.  Accurate  and  relatively  precise 
kill  rates  are  necessary  for  any  good  rankings  of  weapon  values  or  worths. 

In  line  with  Holter’s  assumptions,  we  will  take  the  relative  value  of  a  Blue  infantryman  with  rifle  to 
be  1,  i.e., 

wBi  -  1 

and  determine  all  other  weapon  values  or  weights  with  respect  to  a  Blue  rifle. 

Following  the  step-by-step  procedure  previously  given  (Eqs.  30-37,  30-38,  and  30-39),  we  initially 
set 

1 
1 


I 


c 
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X12’  =  1  /W?”  =  1/0.0487  =  20.5339 
M(,)  =  -  20.5339 


"0.0487* 

"l.oooo" 

0.1036 

2.1273 

3rd  Iteration: 


0.0485 

0.1032 


[W]m  =  - 

X(,!  =  »  1/0.485  *  20.6186 

[a/B](4>  =  X(»,(W']<« 


1.0000 

2.1278 


4th  Iteration : 


0.0485 

0.1032 


[wy*  =  [pm  tor 

X'4'  =  l/w*>  *  1/0.0485  «  20.6186 
[«*]'•>  -  X<4,[W']<4» 


1.0000 

2.1278 


Thus,  thrx  iterations  were  actually  necessary,  the  fourth  reproducing  the  third  one.  Hence,  the 
final  value  cf  X  is 

X  *  20.6186 


and  the  weight  or  value  vector  for  the  Blue  side  is 


or  a  Blue  rrortar  is  more  than  twice  as  valuable  as  a  Blue  rifle. 

To  obtair  Red’s  weight  or  value  vector,  we  calculate  from  Eq.  30-40 

e-  -  V\  -  V20.6 186  -  4.5408 


wt:'W"r 


1.0000 

2.1278 
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and  from  Eq.  30-41 

(«to)  =  V^[/3][«’b] 
In  summary,  we  have 


4.5408 


0.15 

0.10 

—  — 

1.0000 

1.6473 

0.20 

L 

0.05 

2.1278 

1.3913 

Wb  i  —  100 

wBi  =  2.13 


Wbi  —  1  65 
Ufa  =  1.39 


and  we  see  that  a  Red  rifleman  is  65%  “more  valuable”  than  a  Blue  rifleman  (1  65  vs  1.00),  that  Blue’s 
mortars  are  considerably  more  effective  than  Red’s  mortars  (2.13  vs  1.39),  and  each  Red  mortar  is 
only  39%  more  effective  than  a  Blue  rifleman  (1.39  vs  1.00). 

Continuing,  Blue’s  overall  unit  or  team  effectiveness,  measured  in  units  of  Blue  riflemen,  is 


[w,)T[  B) 


f80 

[1.00  2.13]  j 

L24J 


131.12 


and  that  of  Red  is  given  by 


KjT[fl]  =  [1.65 


124.02. 


Hence  overaill,  Blue  is  only  slightly  superior  to  Red,  i.e.,  about  (131.12  —  124.02)/ 124.02  ■  6%. 
The  total  value  of  all  weapons  on  both  sides  is 

(l)(80)  +  (2.13X24)  +  (1.65)(60)  +  (1.39X18)  -  255.14 


(summing  Eqs.  30-1  and  30-2)  or  the  equivalent  of  “255  Blue  rifles”  were  involved  in  the  conflict. 

Holter  (Ref.  1)  shows  that  the  “state  equation”,  which  relates  Blue’s  and  Red’s  equivalent  strengths 
at  any  instant  after  the  start  of  the  battle  [and  given  by  his  equation  (24) j  is 

[[1  -  TO/TO/[i  -  y,fiB)/V,‘(B)])in  -  V,(B)/V.(R)  -  F,  (30-42) 

where: 

V, (R)  and  V,{B)  ■  strengths,  respectively,  of  Red  and  Blue  at  time  t 
Vt(R)  *  Red's  worth  at  time  zero  •  124.02  from  Eq.  30-2 
V$(B)  m ,  Blue’s  worth  at  time  zero  •  131.12  from  Eq.  30-1 
and  the  fraction  or  force  ratio  £  is  such  that  if  one  specifies  the  proportion  of  initial  strength  remaining 
on  one  side,  i.e.,  a  battle  breakpoint,  the  corresponding  fraction  remaining  on  the  opposing  side  may 
be  determined  from  Eq.  30-42.  In  our  example,  »  131.12/124.02  «  1.057. 
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Thus,  we  sec  that  Biue  will  be  the  victor  and,  if  Red  breaks  battle  after  30%  casualties,  then  from 
Eq.  30-42  we  get  (since  F,(F)/Jo(F)  =  0.7) 

|(1  -  (0.7)*] / [ i  -  Vt\B)/V,\E)]\m  =  1-057 

Or  solving  for  the  fraction  Vt[B) / V^B) ,  of  remaining  Blues,  we  obtain 


K(B)/131.12  =  0.737 

or  that  is  to  say  Blue  has  already  suffered  26.3%  equivalent  casualties  when  Red  breaks  battle  at  30% 
equivalent  casualties.  At  this  stage,  Blue  has  left  the  equivalent  of  (0.737)(131.12'  *  96.6  riflemen  and 
Red  has  'eft  (0.70)(1 24.02)  =  86.8  equivalent  Blue  riflemen. 

Finally,  as  another  significant  contribution,  Holter  established  in  Ref.  1  that  the  battle  time  /  as  a 
function  of  the  fraction  of  i  >ial  Red  strength  remaining,  is  given  by  the  expression 


t  =  c  In 


•  ~  1  -  F„ 

h  ~  1 


(30-43) 


where 

Ft  =*  relative  force  ratio  as  in  F-q.  30-42,  and 

Fk  -  V(R)/Vt(R)  =  fraction  of  Red  relative  initial  strength  remaining  at  time  t.  (30-44) 

For  the  battle  analyzed  here,  we  use  c  «  4.5408,  F*  *  0.70,  F%  *  1-057,  and  obtain  the  total  en¬ 
gagement  time  of 

t  »  1 .50  h  or  1  h  and  30  min. 


As  a  somewhat  separate  approach,  suggested  by  Mr.  Roger  Willis  of  the  US  Army  Training  and 
Doctrine  Command  Systems  Analysis  Activity  (TRASANA),  we  might  return  to  Eqs.  30-28  and  30-29 
and  let  Blue  have  b  weapon  types,  but  Red  have  only  r  ■  1  weapon  type.  In  this  case,  it  can  be  shown 
that  the  weight  for  the  ith  Blue  type  of  weapon  is 


t»*i  *  tt’aiPii/Pu,  for  each  i. 


(30-45) 


m  £  0uufwi- 


(30-46) 


Eqs.  30-45  and  30-46  are  still  equivalent  to  Lqs.  30-22  and  30-23. 

From  Eqs.  30-45  and  30-46,  it  is  also  seen  that  tne  product  p#ds  of  positive  constants  becomes 


Pti0»  m  E  0uPn 
<•1 


(30-47) 
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where  for  convenience  we  may  take 


Ki  =  L  0uPn 

i-i 


(30-48) 


for  known  or  estimated  kill  rates  0U  and  p„.  Thus,  this  means  that  pn  is  constrained  to  be 


Pn  ~  K|/0S 


(30-49) 


and  in  fact  Holter’s  c  of  Eq.  30-34  then  becomes 

c  =  i/vk; 


(30-50) 


and  Thrall's  suggestions  in  Eqs.  30-32  and  30-33  become,  In  effect, 


tt’iti  *  K,/j 8b 


(30-51) 


where  /3*  is  still  determined  from  Thrall’s  Eq.  30-33  or 


0b  ~  tl 
!•» 


(30-52) 


Finally,  if  we  set  for  convenience 


0B  =  1 


(30-53) 


Pm  “  K, 


(30-54) 


and  if  we  also  take  as  a  convenience — similar  to  Holter’s  assumption  Eq.  30-35 — tuat  w* ,  -  1,  then 
from  Eq.  30-46 


L  *  1 


(30-55) 


and  for  each  i  we  have  from  Eq.  30-45  that 


*  pii/Ki 


(30-56) 


or  that  is  to  say  each  weight  w„  for  the  Blue  weapon  types  is  uniquely  determined  from 


®*i  *  Pn 


(r./JuPn) 


(30-57) 
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We  have  a  further  useful  inference  of  Willis;  even  if  Red  has  *•  different  weapon  types,  then  Eqs.  30- 
14,  30-15,  30-28,  and  30-29  imply  for  each  j  =  1,  2,...,  r  that 

Pr0b  =  II  II  Ptifyi U’Rt /wri-  (30-58) 


In  panicular,  if  Red  has  two  weapon  types,  i.e.,  r  =  2,  then  the  relative  weight  or  worth  of  Red  type  2 
weapon  to  Red  type  1  weapon  is 


w  - 

u>nJwRl 

(30-59) 

where  w  is  found  from  the  quadratic  equation 

Bw1  + 

(A  -  C)w  -  D  «  0 

(30-60) 

where 

A  - 

L  BuPn 

i-i 

(30-61) 

B  = 

L  0uPn 

t-i 

(30-62) 

C  - 

L  Ptt  Pn 
<-» 

(30-63) 

D  = 

E  0ttPn- 

i-i 

(30-64) 

Moreover,  if  for  convenience  concerning  relative  values  or  weights  we  put  wn\  *  1,  then  wn,  and  hence 
id,  becomes  the  positive  solution  of  the  quadratic  Eq.  30-60.  Furthermore,  the  worth  or  weight  of  the 


ith  Blue  type  weapon  is 

“'■i  *  (l/p*)(Pn  +  w-nPis) 

(30-65) 

and  Holter’s  X  becomes 

A  »  v^4  +  Bwm/wnxV '• 

(30-66) 

Kence,  for  some  particular  cases  it  is  possible  to  calculate  c,  or  X,  of  Eq.  30-40  directly  without  any 
need  for  iterations.  The  analyst  may  well,  therefore,  keep  such  results  ready  for  reference  when 
needed. 

The  methods  of  analysis  we  have  just  discussed  are  clearly  of  much  importance  in  weapon  systems 
analysis  studies,  and  especially  for  battle  analyses,  or  simulations  or  war  games  involving  heterogene¬ 
ous  forces.  For  example,  suppose  that  a  computer  simulation  of  opposing  heterogeneous  forces  is 


; 
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carried  out,  and  it  is  found  that  Blue  lost  25  tanks,  8  howitzers,  40  machine  guns,  125  rifles!  21  anti¬ 
tank  weapons,  ind  1 5%  of  its  personnel.  In  this  same  simulation,  s  ippose  that  Red  lost  22  of  its  tanks, 
9  artillery  pieces,  45  machine  guns,  100  rifles,  19  hand-held  antitank  weapons,  and  18%  of  its  person¬ 
nel.  Then  a  simple  question,  but  a  very  important  one  <s.  “Who  has  really  won?"  Recall  that  such  a 
simulation  was  not  only  expensive,  but  also  was  conducted  to  settle  important  questions  concerning 
some  new  weapon  mix  or  force  str  ucture,  and  moreover  that  such  (perhaps  confusing)  results  are  to  be 
expected!  One  easily  may  see  that  it  certainly  seems  reasonable  to  measure  the  worth  of  weapons  on  a 
side  in  terms  of  their  potential  or  capability  to  destroy  or  attrit  the  enemy’s  weapons  and  personnel. 
Now  especially,  if  the  numbers  of  kills  on  each  side  are  relatively  equal — thereby  bringing  about  some 
confusion — then  there  is  indeed  a  rather  formidable  problem  of  reaching  the  right  decision  concerning 
overall  force  effectiveness.  Hence,  one  easily  should  see  that  the  use  of  weapon  equivalence  studies  are 
certainly  convenient  for  overall  judgments. 

These  considerations  are  amplified  more  fully  in  the  analysis  in  par.  30-4  of  “killer-victim”  score¬ 
boards  and  Johnsrud’s  treatment  (Ref.  6)  of  it. 

30-4  ANALYSIS  OF  KILLER-VICTIM  SCOREBOARDS 

The  killer-victim  scoreboard  is  a  matrix  showing  how  many  of  each  type  of  w  eapon  were  eliminated 
in  an  engagement  by  each  weapon  on  the  opposing  side.  The  killer-victim  scoreboard  may  be  deter¬ 
mined  at  specified  or  truncated  times  of  a  battle,  or  it  may  be  obtained  as  a  summary  for  the  results  of 
the  entire  battle.  A  typical  killer-victim  scoreboard  is  given  in  Table  30-1. 

In  Table  30-1,  the  killer-type  weapons  for  Blue  and  Red  are  listed  on  the  left  as  rows,  and  the  num¬ 
bers  of  Blue  and  Red  weapons  attrited  from  the  battle  are  listed  as  elements  of  the  matrix  (columns). 
Thus,  during  battle  time  I  a  Blue  type  1  weapon  attrited  au  Red  type  4  weapons  and  a,$  Red  type  5 
weapons.  There  are  three  different  types  of  Blue  weapons,  e.g.,  rifles,  tanks,  and  artillery,  and  only  two 
types  of  Red  weapons,  i.e.,  machine  guns  and  tanks.  The  different  types  of  Blue  and  Red  are  num¬ 
bered  together,  with  the  smaller  integer  subscripts  identifying  the  Blue  side  and  the  larger  integer  sub¬ 
scripts  identifying  types  of  Rei  weapons.  This  is.  a  matter  of  convenience  to  group  Blue  and  Red 
weapon  types  together.  Note  in  Table  30-1  that  there  are  no  Blue  victims  from  Blue  weapons,  as 
should  be  expected  ordinarily,  and  no  Red  victims  due  to  Red  weapons.  In  general, 
a,,  m  number  otj  type  weapons  eliminated  by  weapons  of  type « in  some  timet. 

For  example, 

am  “  number  of  Blue  type  3  weapons  (artillery)  eliminated  by  Red  type  4  weapons  (machine 
guns) 


TABLE  30-1.  KILLER- VICTIM  SCOREBOARD 


Victim  WeapoM 

Killer 

WespwM 

Blue 

t  1  3 

Red 

4  3 

1 

0  0  0 

<u 

Blue  2 

0  0  0 

3 

0  0  0 

4 

tm 

0  0 

^  5 

*n  «a  «m 

0  0 

' 
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au  —  0,  or  Red  tanks  don’t  kill  Red  machine  guns 

a,)  =  0,  when  the  subscripts  i  and  j  both  refe-  to  either  Blue  weapons  alone  or  Red  weapons  alone. 
The  killer-victim  scoreboard  may  be  converted  easily  to  a  (combined)  kill-rate  matrix  of  elements, 
such  as  we  have  already  discussed  in  connection  with  Eqs.  30-6  and  30-7.  Suppose  we  let 
rtt  =  number  of  weapons  of  type  i 

and 

t  =  time  of  cattle  (completed  or  truncated). 

Then,  if  we  take  any  element  at)  of  the  killer-victim  matrix  and  divide  it  and  other  elements  of  that  row 
(“killer”  weapon  type  i)  by  the  product  of  the  number  of  killer  weapons  and  time  t  of  the  battle  con¬ 
sidered,  we  obtain  new  elements  bt),  where 

bfj  =  atj/  (ntt)  =  the  relative  kill  rates  of  type  t  weapons  against  type  j  targets,  or  kills  (30-67) 
per  shooting  weapon » per  unit  of  time  against  type  j  targets. 

Hence,  if  we  now  replace  the  a,j  in  Table  30-1  with  the  bt)  of  Eq.  30-67,  we  get  a  new  matrix  or  “kill- 
rate  scoreboard”  which  has  zeros  in  the  upper  left  4-rows  and  4-columns  for  Blue  weapons,  zeros  in  the 
lower  right  r-rows  and  r-culumns  for  Red  weapons,  w  hereas  the  upper  right  4-rows  by  r-columns 
represent  the  kill-rate  matrix  [pj  of  Eq.  30-7  for  Blues  against  Reds,  and  the  lower  left  r-rows  by  4- 
columns  represent  die  kill-rate  matrix  [fi\  of  Eq.  30-6  for  Reds  killing  Blues.  Further  correspondence 
between  the  combined  Blue  and  Red  or  killer-victim  scoreboard  and  the  treatment  of  weapon  equiva¬ 
lence  studies  in  pars  30-1  through  30-3  indicate  also  for  cross-reference  purposes  that  we  may  equate 
n,  -  B,  type  1  Blue  weapons 
fij  =  Bj  type  2  Blue  weapons 

n*  *  Bt  type  4  Blue  weapons 
a*+I  *  f?i  type  1  Red  weapons 
n»+«  -  type  2  Red  weapons 

«!*♦,  *  Rr  type  r  Red  weapons. 
bt)  m  Pt)  for  I  *  1,...  ,4  and  j  *  4  +  1,'.  ..,4  +  rof  Eq.  30-67 
btJ  *  Oforr  »  1,...,  4  and 7  **  1,  2,...,  4  of  Eq.  30-7 
4|;  *  for «  »  4  +  1,...,4  +  randy  •  1, 2,  ..,4of Eq.  30-67 
4M  “  Ofori  *  4  +  1,...,4  +  r  and  j  »  4  +  1,...,4  +■  rcfEq.30-6. 

We  now  follow  the  analysis  of  Johnsrud  (Ref.  6),  which  is  aimed  at  the  problem  of  using  the  killer- 
victim  scoreboard  for  fighting  among  heterogeneous  forces,  and  showing  how  to  uncouple  the  interac¬ 
tions  among  weapons  and  derive  an  equivalent  force  ratio  which  will  accurately  reflect  the  course  of 
the  battle.  Thus,  he  answers  the  question,  “How  does  one  analyze  results  from  heterogeneous  force 
battles?”.  As  pointed  out  by  Johnsrud  (Ref.  6),  “To  date  such  time-dependent  (killer-victim)  score- 
boards  are  not  being  used  in  weapon  effectiveness  studies  because  nobody  knows  how  to  extract  all  the 
information  they  contain.”.  His  paper,  therefore,  is  a  contribution  toward  helping  in  this  regard. 

Johnsrud ’s  analysis  (Ref.  6)  converts  the  killer-victim  scoreboard  to  a  matrix  of  kill  rates  b„  as 
previously  discussed  and  then  sets  up  relative  value  equations  for  each  wecpon  a*  follows,  where  we  il¬ 
lustrate  for  the  particular  example  of  Table  30-1  with  *t)  now  replaced  by  4y: 
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kwx  =  buw<  +  buwt 

kWt  =  buK  +  bMW% 

kW%  =  buWA  +  butyt 

kW<  =  b<xWx  +  b„  wt  +■ 

kWt~  b„Wx  +  +  AUWJ.  ] 


(30-68) 


Here,  4  is  a  constant  of  proportionality.  Thus,  one  has  a  set  of  n  -  5  homogeneous  linear  equations  in 
n  =  5  unknowns,  and  it  is  known  that  a  solution  for  the  values — weapon  relative  worths  or  weights 
W, — is  suitable  when  k  is  the  largest  eigenvalue  of  the  (n  X  n,  or  here)  5X5  matrix.  This  leads  to 
Johnsrud’s  “worth”  matrix,  or  really  the  expanded  matrix  of  k's  and  kill  rates  for  both  sides  given  by 


Wx 

w. 

Wt 

Wt 

Wt 

■ 

0 

0 

bu 

bn 

0 

-k 

0 

bu 

bu 

0 

0 

-k 

bu 

bu 

A« 

bu 

-k 

0 

A.. 

bn 

bn 

0 

-k 

(30-69) 


Due  to  the  zeros,  for  which  it  is  assumed  Blue  weapons  don’t  kill  other  Blues  and  Red  weapons 
don’t  kill  other  Reds,  it  is  easy  to  see  in  general — for  any  number  of  weapon  types  op  each  side — that 
the  corresponding  matrix  of  any  size  may  be  expressed  is 


-*(/]  l Pi 

101  -*(/! 


(30-70) 


where  {/]  is  the  identity  matrix,  and  [8]  and  [p]  are  the  usual  kill-rate  matrices  of  Eqs.  30-6  and  30-7 
of  Red  vs  Blue  and  Blue  vs  Red,  respectively.  Furthermore,  and  as  Johnsrud  (Ref.  6)  points  out,  the 
largest  eigenvalue,  or  characteristic  root  k,  may  be  found  from  the  determ inantal  equation 

l**(/|  -  IflMI  -  0  (30-71) 

where  the  left-hand  side  determinant  is  the  difference  between  two  determinants,  one  consisting  of 
only  4*  and  the  other  one  involving  elements  obtained  simply  from  the  product  of  the  two  kill-rate 
matrices  of  Blue  and  Red  weapons — in  either  order,  incidentally.  The  order  of  the  determinant  in  Eq. 
30-71  is  the  same  as  that  for  the  product  of  the  kill-rate  matrices. 

For  Example  30-1,  the  product  of  the  kill-rate  matrices  taken  there  as  [p](£]  is 


(/>)(£] 


0.023  0.012 
0.050  0.025 


30-22 


"u1*  a  »j 


HIM  I  II  !■ 
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and  hence  for  that  example,  Eq.  30-70  becomes  the  determinantal  equation 


!**[/]  -  [p][fl|  = 


k?  -  0.023 
-0.050 


-0.012 
A*  -  0.025 


or 

k*  -  0.048 A*  +  (0.023) (0.025)  -  (0.050)(0.012)  =  0 

or 

k*  -  0.048A*  -  0.000025  =  0. 

The  solution  of  this  quadratic  equation  of  k *  yields  two  values  of  k*,  Le.„ 
k 3  =  0.048515  and  k*  -  -0.0005153, 
and  the  largest  eigenvalue  is 
k  =  0.22026. 

Since  Eqs.  30-68  are  the  same  as  Eqs.  30-22  and  30-23,  with  pK  =»  0m  =»  k,  we  have  consistent  with  Eq. 
30-34  that , 

c  -  y/\  -  \/k  -  4.5401.  (30-72) 

/ 

Recall  that  with  the  iterations  of  par.  30-3,  we  obtained 
r  -  4.5408 

there  being  a  difference  of  7  in  the  fourth  decimal  place  due  no  doubt  t-r  not  carrying  enough  signifi¬ 
cant  figures  at  each  stage  of  the  iterations,  for  our  example,  the  value  of  e  m  4.5401  is  likely  the  more 
accurate  determination. 

We  may  now  proceed  as  before  to  obtain  the  relative  values  or  weights  for  Blue  and  Red  weapons. 
Another  procedure,  however,  using  the  largest  eigenvalues  of  k  is  to  return  to  the  full  matrix  Eq.  30* 
69  and  triangularize  it,  as  does  Johnsrud  (Ref.  6),  i.e.,  we  start  witb.k  replaced  by  its  largest  eigen¬ 
value 


-0.22026 

0 

0.1 

0.04 

0 

-0.22026 

0.2 

0.10 

0.15 

0.10 

-0.22026 

0 

0.20 

<‘05 

0 

-0.22026 

30*23 
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and  use  the  first  row  to  produce  zeros  elsewhere  in  the  first  column,  obtaining 

-0.22026  0  0.1  0.04 

0  -0.22026  0.2  0.10 

0  0.14684  -0.22343  0.04 

0  0.05507  0.1  -0.2025 

Then  we  use  the  second  row  to  produce  zeros  for  the  elements  in  the  second  column  below  the  diago¬ 
nal,  etc.,  obtaining 

-0.22026  0  0.1  0.04 

0  -0.22026  0.2  0.10 

0  0  -0.13515  0.16 

0  0  0.59996  -0.71021 

Finally,  the  triangularized  matrix  is: 


Hj 

Hj 

Hj 

Hj 

-0.22026 

0 

0.1 

0.04 

0 

-0.22026 

0.2 

0.10 

0 

0 

— 0.13515 

0.16 

0 

0 

0 

0.00001 

The  lower  right  element  0.00001  indicates  a  suitably  accurate  computation  due  to  its  smallness. 
Hence, 

.  ty  -  (0. 1 6/0. 13515) Hi  *  1.1839W; 

Wt  -  (0.2WJ  +  0.1  J*S)/0.22026  -  1.5290 Hi 
Hi  -  (0.1  Hi  +  0.04W$)/0.22026  -  0.7191W. 

Therefore,  in  terms  of  the  first  Blue  weapon,  we  get 
Hi  -  1.39  Hi 
Hi  -  1.65  Hi 
Hi  -  2.1  SHi 

which  are  the  same  values  obtained  by  iteration  for  Example  34M. 

In  summary,  we  see  that  Hober’i  procedure  of  Ref.  1  and  that  of  Johnsrud  (Ref.  6}  lead  to  the  same 
results.*  For  general  application,  however,  the  Johnsrud  procedure  is  easier  to  apply,  since  it  is 

•h  can  be  shown  through  matrix  iwuy  ilstiom,  as  proven  by  Mr.  Ralph  Shear  of  the  BRL,  that  Johnsrud 'i  analysis  is 
really  identical  to  that  of  Hotter,  although  Johnsrud ’*  method  is  more  convenient  computationally.  (See  alao  Ref.  10,  p.  66.) 

30-24 
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relatively  straight-forward  and  easy  to  remember.  Of  course,  once  the  killer-victim  scoreboard  is  deter¬ 
mined  and  the  kill-rate  matrices  of  Blue  and  Red  known  (whether  from  transformation  of  the  killer- 
victim  scoreboard  or  estimated  otherwise),  then  the  relative  worths  or  values  of  all  Blue  and  Red 
weapons  can  be  found.  For  large  scale  problems,  involving  many  types  of  weapons,  one  may  desire 
access  to  a  high-speed  computer  programmed  for  making  such  calculations. 

Next,  we  give  a  further  example  indicating  a  quantity-quality  type  of  trade-off. 

EXAMPLE  30-2: 

Under  what  conditions  would  parity  have  been  achieved  using  the  data  of  Example  30-1? 

The  question  v.e  are  asking  here  is,  “Under  what  conditions  is  the  equivalent  initial  effectiveness  o; 
force  ratio  unity?”  This  may  be  determined  by  using  Eq.  30-3  equated  to  unity.  N’ow  we  know  that 
Blue  would  win  from  the  data  of  Example  30-1.  However,  equivalence  means  for  this  example  that 

WriRi  +  wmR2 


—  WriRi  +  U'mRt 


WriBi  +  watBt  — 


or 


(0(80)  +  (2.13)(24) 


or 


wKlRx  +  U’mRt  ~  131.12,  as  we  already  know. 

Thus,  if  Red  were  to  use  weapons  of  the  same  relative  values,  i.e  ,  a*,  =•  1 .65 u.  »,  and  wr%  =  1 .39 «>*,, 
then  the  numbers  of  Red  weapons  R,  or  /?*,  or  both,  could  be  changed.  Thus,  for  example,  we  might 
keep  Rt  *  60  Red  riflemen  a*  before  and  add  to  the  number  of  Red  mortars.  In  this  case 

(1.65X60)  +  i.39 Rt  -  131.12 
or 

Rt  «  23.11. 

Thus,  Red  could  employ  23  mortars  in  the  battle  instead  6f  18  to  achieve  equality.  Alternatively,  he 
could  use  more  riflemen,  o.  employ  tactics  which  make  both  rifles  and  mortars  more  effective*  etc., 
since  a  unique  solution  does  not  exist  for  this  problem. 

30-5  FORCE  RATIO  AT  ANY  BATTLE  TIME 

The  equivalent  force  ratio  of  Blue  to  Red  at  time  t  of  the  battle  may  be  found  from 

F  m  F(l)  m  E  uta,Bu/  E  u/ajRjt  (30-73) 

i-i  y-i 


i.'*.,  an  expression  similar  to  Eq.  30*3,  but  , where  now  we  designate  specifically  that 
B„  •  number  of  Blue  type  i  weapons  at  time  I 
R„  ”  number  of  Red  type  j  weapons  at  time  t 

and  u>a,  and  wrj  are  as  before  the  relative  values  or  weights  for  Blue  and  Red  type  weapons,  assumed  to 
be. constant  over  the  battle. 


30-25 


Johnsrud  (Ref.  6)  also  points  out  that  the  eigenvalue  k,  which  obviously  has  the  dimension  of 
reciprocal  time,  i.e.,  t~l,  can  be  used — with  the  assumption  of  the  Lanchester  Square  Law  and  con¬ 
stant  worth  matrix  during  the  battle — to  obtain  the  force  ratio  also  as 


_  (fl>  +  Qexp(-fo)  f  ( Fp  -  l)exp(*/) 
1  ( Fq  +  l)exp(— kt)  -  ( F0  —  l)exp(A/) 


(30-74) 


where 

Ft  =  initial  force  ratio,  i.e.,  Eq.  30-3,  for  example 
k  =  largest  eigenvalue 
t  =  time. 

Johnsrud  points  out  the  importance  of  using  the  force  ratio  plotted  as  a  function  of  time  over  the  battle 
and  in  his  example  gives  graphs  describing  the  changes  in  it  as  the  battle  proceeds.  Indeed,  for  any 
battle  involving  many  different  types  of  weapons  on  esch  side  or  unbalanced  forces,  the  relative  force 
ratio  would  seem  to  be  a  key  and  perhaps  one  of  the  simplest  effectiveness  values  to  study,  and  hence 
place  final  judgments  upon.* 


30-6  ADDITIONAL  CONSIDERATIONS 

Some  of  the  fundamentals  of  weapon  equivalence  studies  having  been  covered,  there  remain  some 
particular  points  of  interest  to  the  analyst,  and  which  are  worthy  of  mention  here. 

Whereas  many  heterogeneous  weapon  systems  studies  may  naturally  be  conducted  or  programmed 
on  computers  because  of  analytical  complexity  or  to  introduce  more  realism,  the  establishment  of  data 
relating  to  killer-victim  scoreboards  will  often  represent  the  basic  information  to  analyze.  Neverthe¬ 
less,  Johnsrud  (Ref.  6)  points  out  that  sometimes  the  methods  of  weapon  equivalence  studies  will  lead 
to  very  peculiar  results  if  the  simulations  are  not  realistic,  or  one  permits  the  use  of  Lanchester  type 
Square  Law  attrition  HI  the  way  to  extinction.  He  suggests  nevertheless  that  sharp,  and  hence  un¬ 
realistic,  discontinuities  may  be  eliminated  by  considering  target  availability.  In  fact,  attrition  rates 
might  be  generated  which  include  target  availability  by  using  equations  of  the  form 


dR, 

dt 


•  -  Z  -  exp(-a«/f,)] 

J»l 


(30-75) 


where,  as  previously, 

Rj  -  number  of  Red  type  j  weapons 
t  m  combat  time 

b,j  “  kiilrateofBlueiypet  weapons  against  Red  type./ weapons  for  “available”  targets  to  shoot  at 
B,  _  number  of  Blue  t>  pe  i  weapons 
and,  in  addition, 

atJ  “  detectability/availability  factor  for  Blue-type  i  weapons  attacking  Red  type  j  targets.  (Hence, 
a u  is  the  chance  or  fraction  of  Red  type  j  target  weapons  detected  and  brought  under  fur, 
while  utfRf  is  the  expected  number.) 

Similar  equations  hold  for  the  Blue  side. 

*OU*r  measure*  of  dketmam  in  certain  afeuatfaM  might  be  more  manntngfcd  ruth  a*  I  m  ratio,  difference  in  percent 
kna,  ratio  of  percent  icema,  time  required  for  Skit  to  obtain  a  given  objective,  percent  reduction  (or  increase)  in  force 
ratio,  or  Red  percent  lomm  by  the  tarns  Blue  lomm  hove  reached  a  critical  level. 


PARCOM-P  706  102 


Hence,  as  easily  seen  from  Eq.  30-75,  when  Red  targets  are  very  plentiful,  i.e.,  R}  is  large,  then  the 
loss  rate  dRj/dt  (for  Red)  approaches  the  negative  sum  of  terms  for  the  Lanchester  Square  Law.  On 
the  other  hand,  if  targets  are  not  detected  or  are  very  sparse,  i.e.,  ai,R,  is  small,  then  the  term  in 
brackets  of  Eq.  30-75  becomes  approximately  atlR},  and  we  see  that  Lanchester  linear  type  attrition 
takes  over.  Thus,  as  we  have  noticed  before,  combat  often  proceeds  along  the  lines  of  either  the 
Lanchester  square  or  linear  type  of  attrition,  and  hence  Eq.  30-75  or  some  similar  law  tends  to 
generalize  what  might  happen.  Johnsrud  (Ref.  6)  suggests  solving  Eq.  30-75  numerically  by  advanc¬ 
ing  time  in  small  increments  (dt)  and  calculating  the  corresponding  decrements  dRt  in  the  R,.  Such  a 
procedure  may  clearly  lead  to  worthwhile  studies  of  rather  complex  battles,  once  fairly  realistic  kill 
rates  and  target  detection  chances  are  available  for  typical  engagements  of  in’erest. 

Whereas  we  have  indicated  the  problem  of  “reducibility”  for  the  kill-rate  matrices  may  not  or¬ 
dinarily  be  involved,  especially  since  many  analyses  will  involve  competing  or  interacting  weapon 
systems,  there  will  be  occasions  for  which  one  weapon  system  will  have  absolutely  no  kill  potential 
against  some  weapons  on  the  opposite  side.  For  example,  rifle  bullets  usually  would  have  zero  effect 
against  armor.  One  way  out  of  this  difficulty  perhaps  is  to  redefine  targets  or  weapon  systems  for  the 
battle  studied  so  that  some  interaction  is  likely.  Hopefully  such  a  technique  might  not  affect  any  major 
conclusions  of  the  study  otherwise.  Failing  this,  however,  then  zeros  will  appear  in  kill-rate  matrices 
and  still  the  problem  demands  proper  analysis  and  must  be  treated,  nevertheless.  Howes  and  Thrall 
(Ref.  2)  treat  the  problem  of  reducibility  in  a  thorough  manner,  so  we  only  sketch  their  use  of  recom¬ 
mended  “idtal  linear  weights”  herr.  By  way  of  summary  in  fact,  their  ideal  linear  weights  for  the  dif¬ 
ferent  Blue  weapons  against  Red  weapons,  i.e.,  the  column  weight  or  value  vector  [«’*]  of  Eq.  30-8, 
turn  out  to  be 


[«%J  *  (p]  (»*)/( 


(30-76) 


where 


[pj  *  kill  rate  matrix  of  Blue  against  Red 
[ten]  m  column  weight  vector  for  Red  weapons 


L'J 

■  an  equally  weighted  probability  column  vector  with  r elements  of  l/r 
each 

Ol  *-  kill  rate  matrix  of  Red  against  Blue 


(30-78) 


■  an  equally  weighted  probability  column  vector  with  b  elements  of  \/b 
each. 
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Likewise,  the  column  vector  [te*]  of  Eq.  30-9  for  the  ideal  linear  weights  of  the  different  ty  pes  of  Red 
weapons  turns  out  to  be 


[«*]  = 

=  ^][p]M/([^]T[^ll^lTka]) 


(30-79) 


Although  Eqs.  30-76  and  30-79,  for  determining  the  relative  weights  or  worths  of  Blue  ani  Red 
weapons  might  seem  “circular” — especially  since  Blue’s  weights  in  the  top  expression  of  Eq.  30-76  de¬ 
pend  on  Red’s  weights,  or  indeed,  in  the  bottom  expression  of  Eq.  30-76  Blue’s  weights  depend  on 
Blue’s  weights,  so  to  speak  (!) — Howes  and  Thrall  (Ref.  2),  nevertheless,  show  that  a  unique  solution 
is  obtainable.  They  define 


in\  -  Mm 

[PA  *  mifii 

7  *  [£,lTM[£rHu*l. 


(30-80) 


(30-81) 


(30-82) 


This  means  that  the  ideal  linear  weigh* s  must  satisfy  the  following  equations  and  also  be  nonnegative 
and  nonzero: 


(Altai  *  7ta) 
(Altai  -  7tai- 


(30-83) 


(30-84) 


These  vectors  can  be  -  sed  to  compare  or  relate  elements  on  each  side  of  the  expressions  in  Eqs.  30-83 
anu  30-84,  so  that  the  ideal  linear  weights  are  obtainable. 

The  desired  weights  are  easily  calc,  lated,  and  we  illustrate  the  process  for  our  Example  30-1.  To 
begin  with,  we  know  that  the  products  of  the  kill-rate  matrices,  both  fpj  \&\  and  [/9)  \p\<  have  the  same 
eigenvalues.  Moreover,  for  the  data  of  our  Example  30-1,  we  found  that  the  eigenvalues  ot 
[Al  “  [fi\  (/*!  were 

7  »  A*  ( Johnsrud)  ■  0.0485 15  and —0.0005153. 

Then,  by  substituting  in  both  sides  of  Eq.  30-83,  we  seethrit  from 

[Altai  ■  Tta) 


we  have 


0.023  0.012 


0.050  0.025 


0.048515 


o 


30-28 


t 
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or 


0.023 wbi  +  0.01 2**, 

0.0485  15u>b, 

0.050i*,  '+  0.025u’b* 

0.0485 15wn 

and  since  corresponding  elements  on  the  two  sides  must  be  equal,  we  have  two  equivalent  linear  equa¬ 
tions  in  two  unknowns,  from  which  wn  may  be  found  (from  either  equation)  in  terms  of  wB ,.  The  solu¬ 
tions  yields 

u>t,t  -  2.1263u>*,. 

Thus,  the  relative  weight  of  wB ,  to  use  may  be  determined  fr  ;m  t  •action 
wbi/(wb\  +  2.1263 wg\)  »  0  320 
and  that  for  the  relative  weight  of  wn  is  given  by 
2.1263/(1  +  2.1263)  -  0.680 


and  hence  Blue’s  ideal  weights  or  relative  value  or  weight  (probability)  vector  for  his  weapons  is 


0.32 

0.68 


and  "circularity'’  is  thus  avoidable.  However,  Howes  and  Thrall  (Ref.  2)  give  also  other  methods  of 
solution,  including  an  iterative  technique  starting  with  all  weights  for  a  side  being  equal. 

In  a  corresponding  manner,  the  appropriate  and  unique  ideal  linear  weight  vector  for  Red  may  be 
found  to  be 


[0.5421 
0.458J 


Final!”,  we  see  that  relatively  all  weapon  values  of  each  side  may  be  converted  to  values  in  terms  oi 
the  Blue  type  1  weapon,  obtaining 

«*.  -  (0.68/0.32)1*,  -  2.13t*, 

u>tn  m  (0.542/0.32)1*!  ■  1.69t*, 

<*.  -  (0.458/0.32)1*,  -  1.43s*,. 

In  summary,  the  ideal  linear  weights  are  somewhat  (slightly)  different  from  those  derived  by  Hotter 
orjohnsrud — which  were  1.00,2.13, 1.65,  and  1.39 — although  consistency  of  proportionality  for  each 
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side.  Blue  or  Red,  does  indeed  exist.  In  addition,  we  must  point  out  in  particular  that  the  Howes- 
Thrall  ideal  linear  weight  approach  may  be  used  either  for  irreducible  or  reducible  matrices,  and 
hence  it  possesses  generality  in  determining  useful  relative  weapon  worths,  based  especially  on  t!  e 
largest  eigenvalues  of  matrices. 

It  is  well  to  point  out  to  the  cautious  reader  and  analyst  that  the  killer-victim  scoreboards  are  very 
sensitive  to  variations  in  the  weapon-target  allocations  whether  fixed  throughout  a  model  run  of 
simulation  or  whether  varying  w>th  time  during  the  run.  Moreover,  relative  weapon  values  should 
really  be  very  dependent  on  terrain,  or  on  tactics  or  the  command  function,  or  on  a  host  of  possibly 
other  factors  not  usually  represented  in  combined  arms  simulations  or  models  s-ich  as  darkness, 
smoke,  and  electronic  countermeasures.  Also,  there  might  just  be  some  interest  in  eApanding  the 
methods  presented  herein  to  the  possibility  of  taking  into  account  the  stochastic  nature  (!)  of  combat 
and  therefore  using  probability  distrioutions  of  outcomes  (Chapter  28)  as  well  as  constraints  involving 
the  number  of  replications  used  and  associated  confidence  limits,  perhaps. 

30-7  SUMMARY 

We  have  covered  some  of  the  current  approaches  concerning  analyses  pertaining  to  weapon  equiva¬ 
lence  or  relative  weapon  values,  and  have  seen  that  the  techniques  involved  are  not  only  very  useful  but 
are  needed  to  make  judgments  on  the  effectiveness  of  heterogeneous  forces.  Moreover,  there  now  exists 
many  Army  weapon  systems  study  requirements  which  could  well  make  good  use  of  the  concepts 
covered  herein  since  improved  accuracy  of  decision  is  bound  to  result  from  the  theories  of .!  loiter, 
Johr.srud,  Howes  and  Thrall,  rt  al.  It  is  realized  the  kill  rates  (which  continue  to  be  the  key  analysis 
parameters)  may  oe  very  time  dependent  for  some  applications;  hence,  this  particular  problem  should 
be  explored  in  some  future  weapon  equivalence  studies.  Nevertheless,  the  analyst  should  ^eek  put  and 
apply  the  techniques  discussed  herein  to  his  particular  problems,  and  hence  advance  the  knowledge 
and  usefulness  of  his  weapon  systems  analyses  as  an  aid  to  the  decision  process  for  selecting  improved 
weapons. 
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CHAPTER  31 

OPTIMAL  FIRING  POLICIES  FOR 
SINGLE  AND  MULTIPLE  WEAPONS 

The  problem  of just  how  Blue  should  allocate  the  firing  of  his  rounds  when  a  Red  enemy  is  approaching  his  position  is 
discussed  in  this  chapter  The  optimal  policy  depends  on  the  characteristics  of  Blue’s  weapons,  including  especially  his 
hit  and  kill  probability  as  a  function  of  range  to  Red  s  position  in  front  of  Blue.  The  optimal  policy  of  allocating  rounds 
fired  by  Blue  at  different  ranges  depends  also,  on  the  use  of  an  appropriate  “gain”  function,  which  indicates  relative 
values  of  stopping  Led  at  various  ranges,  m  front  of  Blue’s  position.  It  is  found  that  a  good  strategy  is  for  Blue  to 
alienate  his  finng  in  such  a  manner  that  he  mil  reduce  Red’s  survival  chance  to  as  low  a  value  as  possible  as  Red  ap¬ 
proaches  arul  attacks  him.  Because  of  this,  the  sumval  chance  of  Red  is  denied,  and  the  allocation  of  Blue  V  rounds 
determined  on  the  basis  thereof  The  results  attained  are  based  on  some  research  of  hart  in,  Pruitt,  and  Maduw  (Ref.  1). 

Seieral  examples  are  given,  and  it  is  found,  perhaps  somewhat  surprisingly,  that  Blue  should  commence  firing  at  en¬ 
gagement  ranges  somewhat  before  he  “sees  the  white  of  Red’s  eyes”. 

31-0  LIST  OF  SYMBOLS 

a(s)  =  infinitesimal  accuracy  of  fire  function 
b  =  constant  in  Eq.  31-43 
c  =  constant  in  Eq.  31-19 

E(k)  *  expected  number  of  kills  for  Blue  against  Red  up  to  range  s  in  front  of  Blue 
e  *  Naperian  logarithm  base  *  2.71828  ... 

/(j)  *  functional  condition  required  for  an  optimal  firing  allocation  (see  Eq.  31-26) 
f,(s)  =  optimal  firing  policy  for  the  rth  Blue  weapon 
g(s)  *  “gain”  or  value  function  for  Blue  killing  Red  at  ranger 
g'(s)  »  firtt  derivative  of  g{s) 
gm(s)  m  second  derivative  of  g(s) 

A  ■  Ai  *  small  change  in  range  s  (Ref.  1  notation) 
h(s)  m  derivative  in  Eq.  31-25 
A,(r,)  “  function  defined  by  Eq.  31-60 
*i-i(<i-i)  “  function  defined  by  Eq.  31-58 
k  "  constant  in  Eq.  31-23 

k,(s)  m  particular  function  of  s  for  (he  tth  Blue  weapon  (see  Eq.  31-54) 

M ,  ■  uppe-  finite  bound  on  p:(s) 
m  m  constant  in  Eq.  31-24  ' 
m  ”  designation  for  the  mth  hit 
a  "  number  of  weapons 
n,  “  number  of  Blue  weapons  of  type  i 

Px(0)  ■  Red’s  overall  survival  chance  from  a  very  remote  range  and  all  the  way  to  Blue’s 
position 

J\(s)  m  Red’s  chance  of  survival  from  a  very  remote  range  to  distance  tin  front  of  Blue 
ri(s)  -  first  derivative  of  Red's  survival  chance 
Pf(i)  ■  probability  of  Red  surviving  m  hits 
ph(t)  -  probability  of  hitting  at  range  t 
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pi(s)  -  first  derivative  of  4* (s) 
pZ(s)  =  second  derivative  of pH(s) 

pk(s)  =  Blue’s  combination  hit  and  kill  probability  against  Red  at  range  s 
pi(s)  ~  first  derivative  of  p*(s) 
plU)  -  second  derivative  of  pk(s) 

p»i(s)  —  kill  chance  for  Blue’s  ith  type  weapon  at  distance  i 
r  =  total  number  of  different  types  of  Blue  v-rapons 
s  *  distance  from  Blue’s  position 
As  =  small  change  in  s 

st  =  particular  range  from  Blue’s  position,  selected  in  some  optimal  manner 
s i  =  cutoff  range 
st  =  cutoff  range 
s$  =  cutoff  range 

(st,t i)  =  interval  in  range  for  Blue  to  fire  his  ith  weapon  (st<it) 
t  =  time 

At  -  small  change  in  time  < 
v  -  speed 

Ao  *  small  change  in  speed  v 

a  -  parameter  for  the  exponential  distribution,  or  mean  distance  to  a  hit  or  kill 
a,  =>  exponential  parameter  for  the  ith  Blue  weapon 
0  =  parameter  of  a  distribution  (see  Eq.  31-12) 
y  =  parameter  of  a  distribution  (see  Eq.  31-12) 

S  *  upper  finite  bound  on  the  integral  of  the  firing  allocation  function  over  all  ranges 
(see  Eq.  31-5) 

4,  *  upper  finite  bound  for  an  integral  (see  Eq.  31-51) 

A(r)  *  kill  “rate”  of  Blue’s  weapons  against  Red,  as  a  function  of  the  range  s  to  Red’s  for¬ 
ward  line  of  attack.  A(r)  is  actually  the  “intensity”of  firing  for  Blue  at  range  s. 

(r)  ■  fii(s) puds)  m  kill  “rate”  of  Blue’s  ith  weapon  type  against  Red 
p(s)  m  firing  “rate”  policy  for  Blue,  or  the  manner  that  Blue  should  allocate  the  firing  of 
rounds  at  Red  for  range  r 
pi(s)  ”  optimal  firing  policy  for  Blue 

Pi (i)  m  firing  allocation  factor  for  Blue’s  ith  type  weapon  at  range  s 
f>*(s)  »  optimal  firing  policy  for  the  ith  weapon 

31-1  INTRODUCTION 

Our  problem  here  is  to  develop  a  method  for  finding  the  best  combination  of  weapons,  or  weapon 
systems,  which  should  be  employed  by  Blue  in  a  rather  general  combat  situation  somewhere  in  the 
world.  The  approach  in  this  chapter  is  different  from  that  of  studying  two-sided  conflicts  of  homoge¬ 
neous  or  heterogeneous  forces,  as  in  Chapters  28  and  29,  or  that  of  using  computer  simulations  of 
typical  battles.  In  fact,  and  by  way  of  contrast,  the  criterion  adopted  for  consideration  here  is  that  of 
selecting  a  single  weapon,  or  some  group  of  different  weapons,  which  will  have  the  highest  chance  of 
defeating  an  enemy  force  as  it  approaches  our  position.  Thus,  there  is  the  rather  critic aI  problem  of 
determining  the  optimal  or  best  firing  policy  for  employing  our  weapons  as  the  enemy  approaches  and 
attacks  our  position.  Clearly,  efficient  use  or  employment  of  weapons  could  be  of  great  importance.  In 
particular,  there  is  no  point  in  wasting  rounds  on  enemy  forces  at  too  great  a  range;  accordingly,  the 
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policy  fcr  defense  will  depend  strongly  on  engagement  ranges.  We  now  describe  the  approach  to  this 
problem  and  the  analytical  parameters  of  major  interest. 

We  first  visualize  a  Blue  force  in  position,  protecting  some  ground  area,  which  will  soon  be  under  at¬ 
tack  by  a  Red  force  moving  into  a  posture  for  assault.  The  Red  force,  starting  well  out  of  range  of  fire  of 
friendly  Blue  troops,  approaches  our  Blue  force  position  and  begins  to  come  within  the  range  of  fire  of 
some  Biue  weapons.  Later,  and  as  time  moves  forward  the  Red  forces  come  within  the  ranges  of  many 
of  our  Blue  weapons  which  will  take  them  under  fire  with  the  mission  of  trying  to  destroy  as  many 
Reds  as  possible  before  they  overrun  our  position. 

Blue  has  at  its  disposal  for  study  and  use  various  weapon  mixes  to  accomplish  its  mission;  the  objec¬ 
tive  is  to  decide  on  the  optimal  mix  of  weapons  and  just  how  to  fire  them  in  the  situation  just  described. 
Some  of  the  weapons  may  consist  of  artillery  for  long  range,  but  which  naturally  will  have  relatively 
low  rates  of  fire.  Other  weapons  will  be  designed  for  close-in  fighting  with  less  lethality  per  round  but, 
nevertheless,  will  have  higher  rates  of  fire  and  are  easily  handled  for  short  ranges  of  engagement.  Thus, 
our  interest  centers  around  the  best  firing  policies  and  the  selection  of  the  optimal  mix,  regardless  of 
the  different  weapons  involved  or  their  particular  physical  characteristics. 

The  central  and  most  important  weapon  parameters  we  consider  here  will  be  the  delivery  accuracy, 
or  probability  of  hitting,  the  warhead  lethality  or  weapon  wounding  power,  and  the  rate  of  fire. 
Delivery  accuracy  of  a  weapon  depends  markedly  on  range  to  the  target.  The  enemy  often  will  ap¬ 
proach  our  defended  area  from  some  remote  iocation  or  range  for  which  the  chance  of  a  hit  will  be  near 
zero  initially  and,  as  he  comes  closer,  the  probability  of  hitting  inay  get  as  high  as  unity.  Thus,  the 
whole  range  of  hit  probabilities  may  be  experienced  and  therefore  must  be  taken  into  account  in  the 
analysis.  Lethality  or  wounding  pbwer  will  depend  on  the  weapons  used  and  the  targets  attacked.  Con¬ 
siderations  of  target  vulnerability  must  be  adequately  accounted  for,  and  the  weapon  type  and  war¬ 
head  selected  to  destroy  approaching  targets.  Although  for  many  point  or  hard  targets  we  will  employ 
the  concept  of  the  conditional  chance  that  a  hit  is  a  kill,  we  also  permit  the  single  shot  kill  probability 
concept,  including  the  delivery  accuracy  function  as  covered  in  Chapter  20.  Rate  of  fire  of  the  weapon 
is  very  important  and,  as  we  know,  is  a  major  factor  determining  the  weapon  kill  rate  for  the  engaged 
targets.  We  are  accustomed  to  thinking  about  rate  of  fire  as  so  many  rounds  per  minute,  for  example, 
but  here  there  is  involved  the  critical  problem  of  tactics  which  should  tell  us  at  what  range  to  open  fire 
and  how  many  rounds  proportionately  should  be  fired  upon  the  enemy  as  he  closes  to  assault  our  posi¬ 
tion.  Thus,  we  will  be  particularly  interested  in  a  possible  optimal  policy  concerning  what  range  to 
start  firing  and  just  how  to  best  allocate  rounds  fired  as  a  function  of  any  given  distance  the  enemy  is 
from  our  position. 

Our  approach  now  will  be  that  of  trying  to  minimize  the  chance  that  enemy  forces  survive  as  they  at¬ 
tack  our  position.  Therefore,  appropriate  weapon  employment  as  a  function  of  range  of  engagement  is 
clearly  the  major  problem  to  study  here.  Wt  will  follow  the  approach  of  Karlin,  Pruitt,  and  Madow 
(Ref.  1)  with  some  modifications  that  are  brought  out  clearly.  Also,  it  is  natural  to  study  initially  the 
prdblem  for  a  single  Blue  weapon  and  develop  the  required  methodology  for  this  simplest  case  before 
proceeding  to  weapon  mixes  or  the  employment  of  combined  arms. 

31-2  ANALYSIS  FOR  A  SINGLE  BLUE  WEAPON 

We  consider  first  a  single  Blue  weapon  used  to  defend  our  position,  and  postulate  an  engagement  for 
which  the  enemy  is  approaching  the  Blue  position  at  a  constant  rate  of  speed.  Thus,  we  may  be  able  to 
interchange  the  battle  time  t  for  the  distance  s  the  enemy  is  from  us,  or  to  “trade-off  time  and  dis¬ 
tance,  so  to  speak. 
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Karlin,  Pruitt,  and  Madow  (Ref.  1 )  develop  methodology  first  for  the  problem  of  determining  an  op¬ 
timal  policy  for  firing  a  single  weapon  of  known  accuracy  against  the  attacking  enemy.  The  e^ec- 
tiveness  in  firing  a  single  weapon  is  described  by  a  nonnomogeneous  Poisson  process  with  variable  in¬ 
tensity  rate  X(s)  where  s  represents  the  distance  of  the  Red  enemv  forces  from  Blue’s  position.  The 
quantity  X(s)  amounts  to  an  integral  density  function  of  the  kills  per  unit  distance  advanced  by  the  Red 
forces,  and  hence  it  is  not  a  probability  density  function  for  our  purposes  here.  Also  note  that  the  or¬ 
dinary  kills  per  unit  of  time  are  converted  here  since  time  for  a  constant  speed  may  be  transformed  to 
an  equivalent  distance.  Thus,  if  the  forward  speed  of  Red  is  v  miles  per  hour  and  A*  is  a  small  or 
moderate  change  in  time,  then  the  equivalent  change  in  distance  is  As,  where 

As  =  vAt.  (31-1) 

Thus,  for  each  increment  of  time  At,  the  Red  force  has  moved  some  distance  As  toward  Blue.  Since  for 
equal  intervals  of  distance  along  the  ground,  the  kills  of  Red  per  unit  distance  will  increase  from  near 
zero  at  large  separation  distances  and  approach  unity  for  close  in  fighting;  thus  the  \(s)  is  hot  a  con¬ 
stant  but  an  increasing  variable.  Hence  we  have  a  nonhomogeneous  Poisson  process  for  the  expected 
number  of  Red  kills  within  the  intervals  on  range  separation  instead  of  a  homogeneous  Poisson 
process. 

Karlin,  Pruitt,  and  Madow  (Ref.  1 )  decompose  the  variable  kill  rate  X(i)  into  two  parts.  That  is, 
they  put 


A(r)  =  p(s)'a(s) 


(31-2) 


where  as  they  say,  “p(r)  is  associated  with  a  firing  policy  and  usually  signifies  the  rate  of  firing”,  and 
“a(r)  is  the  infini:v*simal  accuracy  function  as  a  function  of  the  distance  s  for  the  weapon  being  con¬ 
sidered,  i.e.,  the  probability  of  hitting  the  enemy  at  the  distance  between  (s  +  k)  and  r,  when  engaging 
the  weapon  system  at  unit  rate,  is  a(s)h  +  O(h).  By  its  very  meaning,  a(s)  is  naturally  assumed  to  be 
decreasing  as  the  distance  s  increases  and  could  possibly  vanish  for  [O(A)  means  “order  of  h" 

or  a  small  distance,  and  their  h  *  our  Arj .  The  intensity  function  X(r),  depending  on  range,  could  how¬ 
ever  be  built  up  from  another  approach  that  we  now  present. 

For  some  weapons,  it  is  natural  and  easy  for  so.ne  applications  to  treat  the  hit  probability  problem 
and  the  conditional  chance  that  a  hit  is  a  kill  separately.  We  know  that  the  chance  of  a  hit  in  a  single 
round  will  vary  drastically  with  target  range  and  in  fact  will  decrease  atmost  in  an  “exponential”  man¬ 
ner  with  increasing  range  to  target.  Hence,  the  hit  probability  p*(s)  may  be  described  for  target  dis¬ 
tance  t  by  an  exponential  type  falloff  law  or 


ph(s)  -  exp  (—s/a) 


(31-3) 


where 

s  m  distance  to  target,  or  engagement  range 
a  »  measure  of  “mean"  distance  to  a  hit. 

Eq.  31-3  gives  a  chance  of  a  hit  equal  to  unity  at  zero  range  and  decreases  to  a  hit  probability  of  zero  at 
infinite  range.  Thus,  it  may  suffice  for  some  of  the  applications  within  the  scope  of  this  chapter. 

Also,  for  some  hit  probabilities  the  following  form  of  the  law  depending  on  the  square  of  target  range 
may  be  used: 
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ph(s)  ~  exp (-s*/a). 


(31-4) 


Other  types  of  fallofT  laws  giving  a  reasonable  approximation  to  the  hit  probability  over  the  distance 
separating  forces  also  may  be  used.  With  regaid  to  Eqs.  31-3  and  31-4,  or  some  other  hit  probability 
functions  decreasing  with  increasing  distance  to  target,  it  is  well  to  keep  in  mind  that  such  a  fit  or  law 
mu't  be  “analytically  tractable”. 

For  the  kill  function,  it  may  be  that  the  conditional  chance  that  a  hit  is  a  kill  is  one,  i.e.,  a  “hit  is 
always  a  “kill”,  for  engagement  ranges  of  interest.  On  the  other  hand,  for  some  targets  such  as  tanks 
there  may  be  some  part  of  the  presented  area  which  is  not  penetrable  due  to  “headon”  armor,  and  the 
conditional  chance  that  a  hit  is  a  kill  will  be  less  than  one,  say  0.8,  and  the  value  may  not  change  very 
much  for  target  ranges  of  interest. 

For  the  attack  of  other  targets,  such  as  artillery  attacking  personnel  groups  or  units,  the  fractional 
kill  in  the  target  area  depends  on  the  random  fall  of  shot  over  the  target,  for  which  hit  and  kill  chances 
must  necessarily  be  combined,  as  covered  in  Chapter  20.  (Moreover,  the  lethal  area  of  an  artillery 
round  depends  on  angle  of  fall  of  the  projectile.)  In  any  event,  and  for  either  case,  the  hit  and  kill  func¬ 
tions  may  be  described  analytically  by  a  single  function  which  will  decrease  to  zero  at  the  longer 
ranges,  since  a  hit  will  have  a  very  low  chance  of  occurrence. 

Now,  for  the  rate  of  fire  function,  p{s)  of  Ref.  1,  some  comments  are  also  in  order.  Clearly,  there  will 
be  a  maximum  value  that  the  rate  of  fire  can  obtain  physically.  The  number  of  rounds  fired  per  unit  of 
time1  is  discussed  in  Chapter  16.  However,  as  we  have  already  brought  out,  ih  this  chapter  rate  of  fire  is 
to  be  treated'  as  an  allocation  of  rounds  over  probable  engagement  ranges  in  a  battle,  so  that  the  de¬ 
fender  or  Blue  takes  on  Red  targets  at  ranges  he  can  kill  them  and  hence  reduces  Red’s  chance  of  sur¬ 
vival.  The  firing  rate,  cr  allocation  factor,  p(s)  is  an  ordinary  density  function  and  not  a  probability  den¬ 
sity  function.  Thus,  the  integral  of  p(.«)  over  all  all  pos'  ible  ranges  of  engagement  may  be  described  by 


J  p(s)ds  ^  S 


(31-5) 


which  indicates  a  constraint  on  the  quantity  of  total  firepower  and  where  the  constraint  or  limit  i  is  the 
total  number  of  rounds  available  to  fire  at  the  enemy.  The  larger  S  is,  the  greater  the  range  at  which 
Blue  opens  fire  on  Red  in  an  optimal  firing  policy.  If  we  put  6  m  1,  we  get  the  policy  for  firing  only  a 
single  round  within  optimal  range  limits. 

In  summary,  and  with  a  somewhat  different  argument,  we  are  supporting  the  formulation  of  Karlin, 
Pruitt,  and  Madow  (Ref.  1)  to  deal  with  a  variable  kill-rate  function  X(s)  depending  on  the  separation 
distance  s,  which  may  be  decomposed  into  two  major  parts,  i.e.,  ■ 

AW  "  fiO)pk(s)  (31-6) 

where  we  replace  the  a(s)  of  Ref.  1  by  the  function  p*(s)  defined  as 
pt(t)  *  combination  hit  and  kill  probability  function. 

Moreover,  we  note  in  particular  that  the  combination  hit  and  kill  function  or  p>(s)  is  determined  com¬ 
pletely  by  the  weapon-target  characteristics  and  the  engagement  range.  That  is  to  say — and  we  stress 
the  point  also — that  for  an  optimal  firing  policy  only  p(s)  is  at  our  disposal  to  adjust  for  the  purpose  of 


DARCOM  P  706-102 


allocating  rounds  at  difTerent  firing  ranges  s,  especially  once  pk(s)  is  fixed  by  use  of  z  given  weapon  and 
the  targets  it  attacks. 

With  this  background,  we  consider  a  general  firing  policy  p(s)  and  note  that  its  choice  really  deter¬ 
mines  X(s)  of  Eq.  31-6.  Further,  let  us  define  Px(s)  as  the  probability  that  the  enemy,  Red.  survives  up 
to  a  distance  s  in  front  of  Blue.  (We  assume  that  Red  starts  at  infinite  distance  <*>  and  may  approach 
s  =  0,  our  Blue  position.)  Then,  as  seen  dearly  (Ref.  1 ),  we  have  the  following  relation  for  the  decrease 
in  Red’s  survival  chance  from  (s  +  As)  to  s: 

Px(s)  =  P\(s  +  As) [l  -  (31-7) 

to  order  As.  That  is  to  say, 


Px(s  +  As)  -  Px(s) 
As 


P\(s  As)»\(s) 


(31-8) 


and  as  .lr—0,  the  left-hand  side  of  Eq.  31-8  becomes  the  derivative  of  Px(s),  i.e., 


ms)  -  Ms)Px(s). 


(31-9) 


Upcn  integrating  Eq.  31-9,  and  using  the  fact  that  the  enemy  survives  at  infinite  distance,  i.e., 
/x(°°)  =  1,  we  get  the  chance  of  survival  for  Red  up  to  distance  r  from  Blue’s  position  is 


Px(s)  ~  exp 


[-/  m*>4’ 


(31-10) 


We  reiterate  that  A(r)  is  the  kills  per  unit  distance  or  the  intensity  of  kills  at  engagement  range  s,  and 
the  integral  in  the  exponent  of  Eq.  31-10  gives  the  expected  number  of  kills  over  the  distances  or  en¬ 
gagement  ranges  up  to  point  s  traversed  by  Red  in  attacking  Blue’s  defense.  If  to  a  distance  s,  the  ex¬ 
pected  number  of  kills  E(k),  given  by 


E(k)  «  J  X(s)ds  ,  (31-11) 

.  g  '  -  • 

is  large,  then  Red’s  chance  of  survival  becomes  small,  whereas  if  the  expected  number  of  kills  E(k)  is 
small,  in  which  case  s  would  ordinarily  be  a  remote  distance  from  Blue’s  position,  then  Red’s  survival 
chance  would  be  high  up  to  the  particular  value  of  s  considered.  Our  problem,  therefore,  is  that  of 
finding  the  relative  allocation  of  rounds  for  all  distances  s,  determined  by  the  factor  p(s),  in  view  of  the 
existing  hit-kill  function  p*(s),  for  Blue’s  weapon  which  will  keep  Red’s  chance  of  survival  as  low  as 
possible.  This  should  give  some  idea  of  just  how  the  model  considered  here  works,  and  the  importance 
of  Eq.  31-10. 


*!n  calculating  AM,  one  should  keep  in  mind  that  the  integration  really  is  from  a  very  remote  distance  •  to  the  distance  t 
from  Blur’s  position  as  in  Eq.  31-10,  and  not  from  Blue’s  position  toward  Red  forces. 
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Although  we  have  considered  only  a  single  weapon  for  Blue  so  far,  it  becomes  clear,  nevertheless, 
that  if  Blue  employs  n  similar  weapons,  and  they  fire  independently  at  the  approaching  Red  forces, 
then  \(s)  in  Eqs.  31-10  and  31-11  would  be  replaced  by  n\(s).  That  is  to  say,  Red’s  survival  chance 
would  be  reduced  very  significantly  with  increasing  numbers  n  of  Blue’s  weapons. 

To  fix  ideas  a  bit,  we  now  give  two  illustrative  examples  involving  only  a  single  weapon,  then  pro¬ 
ceed  to  the  determination  of  an  optimal  allocation  function  p(s)  for  one  weapon,  and  finally  the  use  of 
weapons  of  different  types. 

EXAMPLE  31-1: 

Consider  a  Blue  rifleman  taking  on  a  Red  rifleman,  and  the  Blue  rifleman  has  a  hit  function  given  by 
Eq.  31-3,  i.e., 

phis)  =  exp  (~s/a) 

which  f^lls  off  exponentially  with  increasing  range.  (We  consider  oniy  hit  chances  here  and  ignore  kill 
chances  for  the  moment,  assuming  that  a  hit  is  a  kill.)  Now  consider  also  a  rate  of  fire  or  allocation 
function  for  Blue  which  uses  the  policy  of  practically  no  firing  at  the  longer  ranges  but  increases  firing 
substantially  as  the  enemy  rifleman  approaches  Blue’s  position.  Clearly,  for  sake  of  illustration,  an  ex¬ 
ponential  function  will  also  satisfy  this  requirement.  Thus,  we  may  take  the  allocation  function  as  hav¬ 
ing  the  form 

p(s)  =  yexp(-s//3)  (31-12) 

where  we  may  use  two  parameters,  y  and  0,  for  proper  scaling. 

Then,  we  see  that  Red’s  chance  of  survival  up  to  a  distance  s  from  Blue  is  determined  from 

A(r)  =  «p[“/  p(r)/>*(j)(ftJ 

« 

“  cxp{-/  7*exp[-(x/0)  -  Wa)]ds} 

=*  exp{-[y0a/(a  +  0)]«exp(~(a  +  / 3)s/(a0)]}.  (31-13) 

To  get  Red’s  chance  of  survival  over  all  engagement  ranges,  zero  to  infinity,  then  we  may  put  i90 
in  Eq.  31-13  and  obtain 

A(0)  «  exp[—ya(3/(a  +  0)].  (31-14) 

Thus,  Red’s  overall  survival  chance  depends  on  the  three  parameters — a,  0,  and  y.  Now  if  We  nor¬ 
malize  the  allocation  function,  Eq.  31-12,  to  make  it  a  relative  frequency  function  for  allocating  rounds 
fired  over  all  ranges,  i.e.,  make  it  a  probability  distribution,  then  we  must  have 

(31-15) 


y  m  1/0 
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ar.d  Eq.  31-13  becomes  a  proper  probability  given  by 

P\(s)  =  cxp{  — [a/(a  +  /9)]*exp[-(a  +  0)s/{a0))\.  (31-16) 

Moreover,  the  value  of  Eq.  31-16  over  all  engagement  ranges  reduces  to 

P\(  0)  =  exp  [—a/  (a  +  0)>  /  (31-17) 

and  we  see,  for  example,  that  if  the  parameters  a  and  0  are  practically  equal,  then  Red's  survival 
chance  over  all  engagement  ranges  becomes  approximately 

r01  =  0.61 


so  that  Blue’s  hit  probability  parameter  a  has  to  be  many  times  that  of  0  for  the  allocation  function  p(s) 
to  reduce  Red’s  survival  chance.  But  in  any  event,  if  Blue  adopts  the  policy  of  defending  against  Red 
for  all  ranges,  then  he  cannot  reduce  Red’s  survival  chance  below 

e-1  =  0.37 


for  the  assumptions  considered  here.  Therefore,  and  more  importantly,  one  observes  that  the  exponen¬ 
tial  type  allocation  of  Eq.  31-12  may  be  relatively  poor  indeed  because  it  seems  that  Blue  may  be  firing 
too  many  rounds  close  in.  relatively  speaking,  and  needs  a  different  type  of  firing  policy.  The  optimal 
firing  policy  for  the  hit  probability  function,  Eq.  31-3,  will  be  given  in  Example  31-3.  By  way  of  con¬ 
trast,  however,  let  us  now  give  an  example  (Example  31-2)  involving  very  different  hit  (kill)  and  alloca¬ 
tion  functions. 

EXAMPLE  31-2: 

Consider  a  simple  hit  and  kill  function  that  falls  off  linearly  to  zero  with  increasing  distance  to  a 
point  s  *  st  to  Blue’s  front.  Such  a  hit  and  kill  function  may  be  taken  as 


Pk(s) 


(l/s0)(s0  —  s)  for  j0 
0  ,  forj>j0 


and  note  that 


s„/2 


(31-13) 


and  thus  the  integral  of  the  hit  and  kill  function  cannot  be  regarded  as  a  probability  distribution  func¬ 
tion  over  ranges  of  interest.  (The  point  s  *  r,  may  represent  a  sighting,  detection,  or  hit  probability 
limitation.) 

Suppose  further  that  the  proportion  of  rounds  fired  per  unit  distance  is  a  constant  c  (i.e.,  uniform) 
and  given  by 
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c  ,  forO<j<j0 

p{s)  =  (31-19) 

0  ,  otherwise. 

Then  we  have 


[t/(2j0)](f0  -  s)2  ,  forO<r<r0 


(  0  ,  forr>r0. 

Red’s  chance  of  survival  for  these  assumptions  is 

expf— c(s0  —  r)V(2jo)]  ,  for0^j^r0 

Px(s)  = 

,  1  ,  forj>j0- 


(31-20) 


(31-21) 


Hence,  for  distances  beyond  the  point  s  =  r*  Red’s  survival  chance  is  unity,  and  at  distances  less  than 
f#  it  is  the  first  part  of  Eq.  31-21,  while  at  s  *  s0/2  it  is 

AM  =  exp(— cjo/8)  (31-22a) 


thereby  depending  only  on  the  rounds  fired  per  unit  distance  and  the  factor  8.  Finally,  Red’s  survival 
chance  over  all  ranges  of  engagement 

AC 0)  =  exp(— cjo/2)  (31-22b) 

and  hence  depends  on  the  constant  level  c  of  firing  and  r*  as  one  would  expefct.  It  can  be  said  that  the 
point  s  *  r0  is  rather  . arbitrary  here,  and  simply  for  illustrative  purposes,  although  it  may  still  have 
some  physical  significance  pertaining  to  the  terrain  or  weapon,  and  hence  be  useful  for  analyses.  In  the 
sequel,  we  will  find  the  optimal  method  of  allocation  for  this  case  also,  as  determined  in  Ref.  1.  How¬ 
ever,  this  determination  depends  on  the  concept  and  use  of  a  “gain”  function. 

31-3  OPTIMAL  FIRING  POLICY  FOR  A  SINGLE  WEAPON 

In  order  to  determine  an  optimal  type  of  firing  policy,  Karlin,  Pruitt,  and  Madow  (Ref.  1)  make  use 
of  the  concept  of  a  “gain”  function.  In  other  words,  the  amount  gained  or  “value  received”  by  Blue  de¬ 
pends  on  the  distance  at  which  Red  can  be  annihilated — since  Blue  would  not  like  to  have  his  position 
overrun  nor  would  he  like  to  risk  too  much  to  close-in  fighting.  Hence,  it  would  appear  that  a  gain 
function  should  be  nonnegative,  starting  at  zero  for  Blue’s  position  and  increasing  to  some  finite  and 
constant  limit  for  the  longer  engagement  ranges  from  Blue’s  position.  The  gain  function  used  will 
clearly  have  a  decided  effect  on  the  optimal  firing  policy  or  allocation  function  p(s).  In  Ref.  1.  two  dif¬ 
ferent  and  useful  gain  functions  are  suggested  and  illustrated,  although  the  results  of  Ref.  1 — and  in 

31-9 
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particular  their  Theorems  1,  2,  and  3 — are  quite  gercr:.l  and  apply  to  any  reasonable  gain  functions 
which  may  be  adopted  in  a  given  evaluation  as  v-e  will  see  in  par.  31-3.1. 

The  particular  gain  functions  g(s)  used  merely  for  illustration  in  Ref.  1  are: 


r(s) 


ks  ,  forj^j0 
kiQ ,  for  s^so 


(31-23) 


and 


g(s) 


m(s/so)0  ,  for  j0 
m  ,  for  j  >  j0 


(31-24) 


where  the  slope  k  and  values  m  and  0  are  positive  constants  chosen  for  given  applications,  and  j0  is  some 
remote  or  key  engagement  range  of  interest  to  Blue  at  or  before  which  he  will  try  and  stop  Red. 

It  is  easily  seen  that  the  gain  function  Eq.  31-23  increases  linearly  at  a  slope  of  positive  inclination  to 
the  constant  ordinate  value  ks0  at  the  point  or  distance  before  Blue’s  position  j  —  j#  as  in  Fig.  31-1. 

On  the  other  hand,  the  gain  function  (Eq.  31-24)  increases  in  a  concave  or  convex  manner,  depend¬ 
ing  on  whether  0  is  less  than  one  or  greater  than  one,  to  a  constant  level  m  at  t  =  j,  and  beyond.  It  is 
seen  that  one  or  the  other  of  these  two  gain  functions  should  satisfy  some  general  practical  require¬ 
ments.  Alternatively,  gain  functions  may  be  used  involving  costs  of  not  stopping  the  enemy  ap¬ 
proaching  one’s  position,  or  some  proper  function  of  risks  incurred  by  not  stopping  Red,  etc.  Such  con¬ 
siderations  will  depend  on  the  particular  problem  of  analysis  and  the  analyst’s  use  of  the  best  type  of 
gain  functions  for  the  application. 

Once  the  hit  and  kill  function  for  the  weapon  has  been  determined,  and  the  appropriate  gain  func¬ 
tion  selected  for  the  particular  analysis,  then  the  allocation  function  or  rate  p(s)  is  found  based  upon 
techniques  of  the  calculus  of  variations  (Ref.  1 )..  Thus,  calculus  of  variation  theory  determines  the 
analytical  form  of  p(s)  for  Blue’s  firing  policy  to  reduce  Red’s  survival  chance  to  near  minimum  as  he  ap¬ 
proaches  Blue  in  the  attack. 


(So.0) 


Figure  31-1.  The  Gain  Function 
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A  very  useful  theorem  that  applies  to  problems  of  the  type  given  in  our  Examples  31-1  and  31-2  is  the 
Theorem  2  of  Karlin,  Pruitt,  and  Madow  (Ref.  1) — which  we  reword  here  somewhat  for  completeness 
and  usefulness  as  follows: 

Theorem  2  ( Ref.  1): 

Given  the  hit  (and  kill)  probability  function  pk(s)  and  a  gain  function  g(s)  for  which  there  exists  an 
engagement  range  s  =  s0  such  that  the  following  conditions: 


;{p*(^)^(s-)]  =  h(s)> 0  ,  for s<s0  and  k(s0)  -  0 


(31-25) 


\pi(s)  ] 

tif)  ] 

lp*(s)  J 

g'(s)  J 

(31-26) 


where  the  prime  means  the  first  derivative  and  the  double  prime  means  the  second  derivative,  then  the 
optimal  firing  policy  has  the  form 


0  ,  forO^j^r,, 
PoW  =  fU),  for  s9<s^st 
0  ,  for  si<s 


(31-27) 


and  the  value  of  r,  is  determined  by  the  condition 


f(s)ds  =  S.  (31-28) 

(Recall  that  5  is  based  on  a  finite  limit  on  the  total  available  quantity  of  firepower  expressed  in  Eq.  31- 

5.) 

In  order  to  illustrate  this  theorem  we  return  to  Example  31-1  and  find  the  optimal  p(s )  for  a  selection 
of  the  gain  function  (Eq.  31-23). 

EXAMPLE  31-3: 

Use  the  hit  probability  function  of  Example  31-1  and  the  gain  function  given  in  Eq.  31-23,  then  find 
the  optimal  allocation  of  Blue’s  rounds  to  be  fired  at  Red,  and  contrast  the  optimal  pa(s)  with  the 
negative  exponential  falloff  law  of  Example  31-1. 

We  have,  using  Eqs.  31-3,  31-23,  and  31-25  that 

h(s)  ■  “  [/>*(*)£(')]  =  *exp(-i/a)(l  -  s/a) 

which  is  positive  for  all  values  of  s<a,  and  becomes  zero  for  the  selection  j 
ferentiation  we  get 


(31-29) 

=  "  «•  Further,  by  dif- 
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Pi(s)  =  -(l/a)cxp(-j/«)  ,  g'(s)  =  k 
Ph(s)  =  (l/a*)exp (-s/a)  ,  f(s)  »  0 
so  that  the  quartity  /(f)  determined  from  Eq.  31-26  is 


f(s)  =  (l/a)exp(x/a) 


(31-30) 


and  turns  out  to  be,  perhaps  surprisingly,  a  positive  exponential,  or  a  predominant  allocation  of  rounds 
at  longer  ranges  instead  of  shorter  ones  as  in  Eq.  3 1-12. 

Next  we  use  Theorem  2,  Ref.  1,  and  determine  the  optimal  firing  policy  from  Eq.  31-27  io  be 


Po(s) 


0  ,  for  0  ^  s  £  s0  =  a 

(l/a)exp(f/a)  ,  fora<x^x, 

0  ,  for  Si  <  s 


(31-31) 


and  where  f,  is  determined  from  Eq.  31-28  for  the  total  rounds  available  6,  i.e.. 


r 

6  -  J  ( \/a)cxp(s/a)ds  -  exp(si/a)  —  e 


Thus,  solving  this  equation  for  st,  we  get 

ft  =  oln(5  +  e).  (31-32) 

The  policy  to  fire  no  rounds  at  distances  0<Zs£a  as  indicated  in  Eq.  31-31  is  no  doubt  surprising  to 
many  readers.  However,  this  is  not  to  say  one  would  never  fire  if  the  enemy  were  there!  Rather,  it  is  to 
Blue’s  advantage  to  start  firing  at  longer  ranges  where  he  has  some  reasonable  chance  of  hitting  Red. 

Ir  summary,  all  of  the  rounds  available  for  Blue  would  be  fired  between  the  distance  a  in  front  of 
Blue,  which  is  the  parameter  in  Blue’s  hit  probability  function  depending  on  the  range  s,  and  the  open¬ 
ing  engagement  or  firing  range  st  determined  from  Eq  31-32.  The  fraction  or  percentage  of  rounds  to 
be  allocated  and  fired  between  two  distances  snd  j»  bounded  by  s  m  a  and  s  m  x,  *  aln  (5  +  e),  i.e., 

a<ft£f£fs<fi  (31-33) 

may  be  determined  from 


(l/a)exp(x/er)</x  *  (exp(Va)  -  exp(x^a)J/[exp(j,/a)  -  e J.  (31-34) 

Finally,  the  related  probabilities  of  survival  for  Red  at  all  distances  s  may  be  found  with  the  aid  of 
Eqs.  31-10  and  31-31,  and  are 
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Iexpi  —  ( 1  n  ( 5  +  e)  —  1]>  ,  forO<r<a> 

exp{  — join  (5  +  t)  —  s\/a)  ,  fora<j<*i  (31-35) 

1  ,  for  r,  <  r 

and  is  ~  a  In  (5  -r  r)  from  Eq.  31-32. 

As  a  matter  of  comparison.  let  us  return  to  Example  31-1  using  the  negativ*’  exponential  allocation 
function  (Eq  31-12),  and  for  which  we  put  5  =  1 ,  and  hence  found  y  =  \/3.  At  the  ranger  =  a.  Red's 
survival  probability  for  the  negative  exponential  allocation  may  be  determined  from  Eq.  31-13  and  is 

ft(a)  =  'xp{-(rf^)-”p[-(HTi)]}  (3'-36) 

No  matter  w  hat  the  value  of  d>0  used  in  Eq.  31-36,  i  e.,  any  positive  multiple  of  a ,  it  can  be  shown  that 
the  survival  chance  of  Red  to  the  distance  a  iu  front  of  Blue  is  never  less  than  about 

Px(a)  *  0.93.' 

On  the  other  hand,  from  either  the  top  or  middle  right-hand  side  of  Eq.  31-35  for  the  optimum  positive 
exponential  allocation  of  Eq.  31-31,  we  get 

P\(a)  =  0.73 

and  hence  Red’s  survival  probability  is  considerably  t-  ss  for  the  optimal  firing  policy  ,(Eq.  31-27).  In 
addition,  one  notes  that  the  maximum  range  at  whic.V  i!uc  starts  the  optimal  firing  policy,  or  shoots  a 
round,  is  s,  =  ain(l  +  r)  »  1.31a.  and  the  probability  of  hitting  Red  there  is  by  Eq.  31-3 

exp(-l.3la/a)  =  0.27 

whereas  for  the  distance  s  m  a  in  front  of  Blue,  where  the  firing  allocation  stops,  Blue’s  hit  charce 
against  Red  is 

exp(-a/a)  *  exp(  — !)  *  0.37. 

Thus,  it  can  be  sa  l  that  the  optimal  policy  is  for  Blue  to  star:  firirg  at  Red  before  he  “sees  the  white” 
of  his  enr  y’s  eyes!  Red’s  survival  cham-e  to  t  •  a  is  by  Eq.  31-35  sxp(— 0.31)  •  0.73  for  S  m  1  round, 
but  is  reduced  to  0.58  for  i  m  2  rounds,  etc. 

The  reader  might  wish  to  make  other  such  comparisons  for  full  appreciation  of  optimal  firing 
policies.  C*f  course,  the  actual  form  of  the  hit  and  kill  functions,  which  depends  on  the  weapon  and 
target  range,  will  have  quite  an  influential  effect  on  the  optimal  firing  policies.  Also,  the  choice  uf  the 
gain  function  may  require  some  skill  for  particular  applications.  For  this  reason,  it  will  be  informative 
to  find  next  the  optimal  firing  policy  for  the  linear  falioff  hit  and  kill  function  of  Example  31-2, 

EXAMPLE  31-4: 

Use  «ht  hit  and  k  11  function  of  Example  31-2.  Find  the  optimal  rate  of  fire  policy  for  the  gain  func¬ 
tion  Eq .  3 1  -23  and  comment  on  it  as  compared  to  the  uniform  firing  of  rounds  over  engagement  ranges 
used. 
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I'iing  Theorem  2  (Ref  1;  again,  we  find  that 

d  .  ,  d  r  i  I 

*w  *  Ts  <**"*''<  *  *  «*'j 


-  i(io'  2.;)/ f0 


('1-3"' 


ano  since  h[st/2)  -  0  then  t0/2  is  the  lower  cutoff  range 
Further, 

fii(s)  =  -1  /So  ,  g'(s)  =  k 
plU)  =  0  ,  g"(s)  =0 

and  from  Eq.  31-26 

/<-(w)[-(-r)(w)] 


(31-38) 


or 


J(s)  =  2r*/(r,  -  i)*. 

The  upper  bound  or  range  for  Blue  to  start  firing  at  Red  is 

r 

I  f(s)ds  ■=*  5  =*  1,  for  illustrat.on  here. 


or 


2ie 


J,  -  J 


1 


h/2 


Hence,  solving  this  latter  equation  for  the  bound  r,,  we  obtain 

r,  »  3i«/5.  . 

He^ce,  th  optimal  firing  policy  for  this  crre  if 

|  0  ,  for  s  <  sj  2 

P*(s)  *  \  2 V(x«  -  *)*,  for x«/2£x£3r,/5 
|  0  ,  ,  for  3i^5  </. 

Further,  the  chance  of  sMrsmd  for  Red  u  then  found  with  the  aid  of  Eqs.  31-10  and  31-18  to  be 
31-14 


(31-39) 


O 


*  -,;S| 
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for  s  <  s0/ 2 

forr0/2£r<3x0/5  (31-40) 

for  3x0/5  <j. 

In  summary,  we  see  that  the  optimal  firing  policy  is  not  uniform  as  illustrated  in  Example  31-2,  but 
for  the  reasonable  gain  function  (Eq.  31-23),  all  of  Blue’s  firing — as  Red  approaches  and  attacks 
Blue — should  be  between 

s0/2  <>  s  3io/5 

and  according  to  proportions  found  from  the  integration  of  p,(x)  in  Eq.  31-39  over  ranges  of  interest.  In 
fact,  it  can  be  seen  from  Eq.  31-39  that  for  a  single  round,  or  6  -  1,  Blue  should  fire  between  0.5xo  and 
0.6x„!  For  5  ~  2,  3,  etc.,  then  Xi  increases  to  larger  and  larger  values,  i.e..  Blue  opens  fire  at  greater  and 
greater  ranges. 

It  is  of  interest  to  plot  Red’s  survival  chances  for  Examples  31-3  and  31-4.  This  is  done  in  Fig.  31-2, 
where  it  is  seen  for  the  same  gain  function  it  would  be  better  for  Blue  to  have  weapons  with  hit  and  kill 


Figure  31-2.  Survival  Chance  Curve*  for  Red  (Examples  31-3  and  31-4) 


Px(s) 


16/25 

4xo/[25(x0  -  s)*)  , 


1 
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probability  function  falling  off  linear <y  rather  than  in  a  negative  exponential  manner.  Of  course,  our 
coverage  here  is  to  be  regarded  mostly  as  an  introduction,  and  hence  that  there  remains  much  to  be  ex¬ 
plored  cn  the  problem  of  optima!  allocation  of  rounds  for  ail  weapon  firings. 

31-3.1  COMMENT  ON  UNBOUNDED  HIT  AND  KILL  FUNCTIONS 

In  our  treatment  of  hit  probability  and  kill  probability  functions  so  far  in  this  chapter,  we  have,  un¬ 
like  Ref.  I,  exhibited  the  use  of  hit  probability  and  kill  probability  functions  which  start  at  the  value  of 
unity  just  in  front  of  Blue’s  position,  and  then  decrease  to  zero  for  the  longer  engagement  ranges  at 
which  Red  forces  may  begin  to  approach  Blue.  By  observing  the  integral  of  the  exponential  in  Eq.  31- 
10,  but  not  including  the  negative  sign,  it  can  be  seen  that  the  value  of  the  integral  must  be  large  to 
bring  about  a  low  or  zero  chance  of  survival  for  Red  as  he  approaches  and  assaults  Blue’s  position. 
Also,  we  have  seen  some  of  the  limitations  that  might  be  involved  with  survival  chances  in  Examples 
31-1  and  31-2.  This  brings  us  to  the  concept  of  unbounded  hit  and  kill  functions,  which  are  also  in¬ 
cluded  in  Ref.  1,  so  that  Eq.  31-10  may  approach  zero.  However,  it  becomes  of  considerable  interest 
first  to  discuss  the  physical  units  involved  in  the  A(x),  the  p(s),  and  the  a(s),  remembering  especially 
that  so  far  in  this  chapter  we  have  been  using  *he  concept  of  strictly  a  hit  and  kill  function  p*(r)  or  p„fs) 
in  pla  e  of  Karlin,  Pruitt,  and  Madow’s  a(s)  in  Ref.  1.  Based  on  some  queries  about  the  paper  of 
Karlin,  Pruitt,  and  Madow  (Ref.  1 ),  the  author  of  this  handbook  has,  in  a  private  communication  (Ref. 
2),  received  some  clarification  of  the  basic  concepts  these  authors  had  in  mind  originally  concerning 
their  paper,  and  we  give  them  here  for  the  benefit  of  the  user  of  this  chapter.  (We  express  our  apprecia¬ 
tion  to  Professor  VVilliam  E.  Pruitt  of  the  University  of  Minnesota  for  these  clarifications.)  To  begin 
with,  the  units  of  A (s)  are  in  1 /meters.  The  units  for  p(x)  are  in  rounds/ meter,  and  those  of  a(t)  are  in 
1 /rounds,  which  may  be  expressed  also  in  terms  of  1  /meters  divided  by  rounds/meter,  if  we  so  desire. 
Hence,  we  see  that  pls)a(s)  multiplies  properly  to  the  units  of  1/meters.  However,  this  possible  use  of 
the  units  of  (1 /meters )/(rounds/meter)  for  a(s)  seems  a  bit  strange,  but  it  can  be  seen  that  the  product 
a(s)’As  could  nevertheless  be  interpreted  as  “a  probability  per  given  unit  firing  rate”.  Then,  for  exam¬ 
ple,  if  the  distance  scale  is  changed  from  meters  to  centimeters  then  At  will  be  multiplied  by  100,  but 
the  new  unit  rate  will  be  one  round/centimeter,  i.e.,  100  times  the  old  rate.  Also,  the  probability  per 
unit  rate  should  then  be  100  times  as  large  as  formerly.  Hence,  one  may  therefore  see  that  there  is 
much  robustness  in  use  of  the  product  p(t)*a(t)  m  X(s)  of  Ref.  1,  as  it  is  general  enough  to  encompass  a 
wide  variety  of  situations.  In  particular,  a( s'),  for  a  very  high  weapon  hit  or  kill  rate,  may  even  be  an  un¬ 
bounded  function  near  Blue’s  position  and,  for  example,  one  may  use  a(x')  •  1  /s,  in  which  case  we  then 
see  that 

A* 

a{t)ds  *  ®  (31-41) 

• 

or  that  is  the  integral  diverges  near  zero,  regardless  of  how  strut  1  the  constraints  on  the  firing  policy 
p(s)  may  be.  Further,  we  get  A(0)  ■  0,  or  that  is  to  say  Red';  survival  chance  is  zero  when  he  ap¬ 
proaches  all  the  way  to  Blue’s  position.  Thus,  the  unbounded  »;),  if  it  fits,  instead  of  our  usual  kill 
function  £*(x),  will  guarantee  "certain  kills"  On  the  other  hand,  ;tigh  "firepower”  or  many  rounds,  in 
which  case  pit)  is  large,  may  give  sufficiently  small  survival  pro! labilities  for  Red  also.  In  summary, 
Karlin,  Pruitt,  and  Madow  (Ref.  1),  indicate  that  their  theory  is  >f  sufficient  robust  .- 'S  to  use  an  un¬ 
bounded  a(t)  in  place  of  our  hit  and  kill  probability  functions,  >  tnd  suggest  using,  if  the,  either 
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a(s)  =  \/s  (31-42) 

or 

a(s)  =  b/sa  ,  a  >  1  (31-43) 

along  with  the  gain  function  (Eq.  31-23).  Indeed,  they  show  that  if  Eqs.  31-42  and  31-43  are  adopted 
for  use,  then  the  optimal  firing  policy  has  the  form 

j  0  ,  for  s  <  \/5*-+~rJ  -  6 

Po(s)  =  <  1  ,  for  y/6*  +  s*  —  i^s^y/S*  +  s*  (31-44) 

(0,  for  Vi*  +  si  <  s. 

In  other  words,  the  optimal  policy  calls  for  the  firing  to  be  uniform  over  the  interval  of  s  given  by  the 
middle  inequality  of  Eq.  31-44,  and  zero  otherwise.  Thus,  all  of  the  available  rounds  would  be  fired  be¬ 
tween  , 


y/i*  +  sj  —  b<,s<>Vb*  4-  s*  (31-45) 

there  being  one  round  in  each  1/5  subinterval. 

The  chance  of  survival  of  Red  in  his  attack  of  the  Blue  position  for  this  particular  case  from  Ref.  1  is 

[Vi*  +  si  -  &]/y/&*  +  sf  ,  for  s<  Vi*  +  si  —  5 

s/Vb*  +  sj  ,  for  Vi*  +  rj  -  5^s^y/P~+~s[  (31-46) 

1  ,  for  %/d*  +  si<s. 

Some  other  examples  are  given  in  Ref.  1 


31-3.2  ADDmONAL  POINTS  OF  INTEREST 

Concerning  the  general  nature  of  all  optimal  firing  policies,  Karlin,  Pruitt,  and  Madow  (Ref.  1)  list 
the  following  two  properties,  which  may  surprise  some  readers: 

“1.  If  (the  derivative)  g'(s)  is  bounded  for  Oiw</«,  then  the  optimal  policy  never  calls  for  firing  ai 
the  maximum  rate  M  in  the  neighborhood  of  t  m  0. 

“2.  If  pt(t)  (or  a(j)J  is  integrate  at  s  -  0,  and  jTr)  is  bounded  on  0  £*£**  the  optimal  policy  re¬ 
quires  no  firing  in  a  neighborhood  of  s  m  0.” 

31-4  OPTIMAL  FIRING  POLICIES  FOR  MIXTURES  OF  WEAPONS  (HETERO¬ 
GENEOUS  SYSTEMS) 

We  now  consider  Red’s  chance  of  survival  as  he  approaches  Blue  based  on  the  assumption  that  Blue 
will,  as  in  fact  is  often  the  case,  fire  different  weapons  at  him.  Thus,  and  more  generally,  let  us  assume 
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that  Blue  has  r  different  types  of  weapons  and  moreover  may  have  several  of  each  type  to  employ,  there 
being  nt  of  type  i.  Then  the  different  hit  and  kill  functions  may  be  defined  as 

and  the  rate  of  fire  or  allocation  functions  as 
Pl(s),  pt(s),  pr(s). 

It  is  easy  to  see,  based  on  Eq.  31-10  for  a  single  weapon,  that  Red’s  survival  chance  for  the  r  different 
weapons  now  becomes 

Px(s)  -  exp£-  n,\,(s)ds  j 


=  II  exp 


Hf 


\,(s)ds 


(31-47) 


since  Red  now  has  to  survive  all  of  Blue’s  weapons  that  bring  fire  on  him. 

Aside  from  the  question  of  optimality  of  the  firing  policy  as  a  function  of  ranges  of  engagement,  Eq. 
31-47  rnay  oe  used  for  any  group  of  Blue  weapons  when  the  kill  rates 


*i(s)  *  Pi(s)pk,(s) 


(31-48) 


are  known  for  each  weapon  system  of  Blue.  In  fact,  a  series  of  computations  which  show  the  kill  rates  of 
each  type  of  weapon  with  range,  and  the  number  a,,  of  each  type  may  help  to  establish  a  near  or 
suitable  minimum  for  Red’s  survival  chance. 

Moreover,  and  as  pointed  out  specifically  by  Ref.  1,  a  possible  generalization  of  the  basic  theory 
could  involve  the  concept  that  the  damage  done  by  a  hit  on  Red  is  a  random  variable  with  different 
degrees  of  lethality.  Hence,  the  damage  done  on  successive  hits  may  be  cumulative,  and  the  second, 
third,  etc.,  hit  by  a  weapon  would  bring  about  correspondingly  higher  degrees  of  damage  to  a  target. 
In  fact,  the  probability  density  of  the  mth  hit  on  a  target  occurring  in  the  interval  of  range  from  s  to 
(r  +  As)  for  a  single  weapon  is  a  Poisson  event,  and  may  be  described  by 

A" CO  -  (1/m!)  [f  A(j)<fcj  •exp^-J"  A(i)dr  j  (31-49) 

This  equation  could  be  substituted  for  Eq.  31-10  to  evaluate  the  gain  accrued  from  each  successive  hit, 
especially  when  more  than  one  hit  would  be  necessary  for  a  kill,  as  is  the  case  currently  for  some  well 
armored  tanks.  This  type  of  concept  brings  forward  a  new  and  different  area  of  interest  for  further 
study,  but  it  will  not  be  explored  further  here.  Rather,  we  return  to  the  basic  problem  cf  allocating 
rounds  fired  by  different  weapons  for  the  case  involving  Eq.  31-10,  but  not  Eq.  31-49,  for  multiple  hits 
to  obtain  a  kill. 
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Following  our  discussion  of  the  optimal  policy  for  firing  a  single  weapon,  it  will  be  of  some  interest  to 
make  a  few  remarks  about  enemy  targets,  how  they  may  approach  Blue’s  position,  and  how  Blue  may 
fire  on  them.  To  begin  with,  and  so  far  in  this  chapter,  it  has  been  more  or  less  assumed  hat  Red 
would  move  only  one  target  forward  at  a  time,  so  to  speak,  and  that  the  firing  policy  we  use  would 
hopefully  eliminate  that  particular  target  from  the  battle.  In  this  connection,  it  could  be  considered 
that  as  far  as  Blue  shooting  a  single  weapon  is  concerned,  then  the  problem  could  be  looked  at  as  if  a 
single  Red  target  is  out  front,  or  nearest  Blue’s  position,  and  Blue  would  naturally  engage  that  par¬ 
ticular  Red  target.  If  that  first  target  is  eliminated  under  Blue’s  firing  policy  of  allocating  rounds,  then 
Blue  turns  his  attention  to  the  next  target  that  Red  presents,  and  so  on.  In  this  way,  Blue’s  single 
weapon  attacks  only  one  Rea  target  at  a  time.  Obviously  there  are  certain  weaknesses  in  this  formula¬ 
tion.  For  example,  as  targets  change,  then  the  hit  and  kill  function  would  also  change,  and  this  would 
surely  complicate  the  analysis,  although  some  switching  of  models  might  be  feasible.  Thus,  we  are 
merely  suggesting  some  warnings  concerning  the  possible  applications  of  the  methouo'ogy  presented; 
we  cannot  develop  this  area  of  investigation  any  further  here. 

Now  for  the  case  of  firing  multiple  weapons.  Clearly,  any  worthwhile  analysis  involving  multiple 
Blue  weapons  against  multiple  Red  targets  would  immediately  bring  forward  a  host  of  many  new 
problems.  In  fact,  there  is  obviously  the  very  important  problem  of  allocating  Blue  weapons  of  different 
types  to  the  various  Red  targets  that  are  attacking  the  Blue  position.  In  this  connection,  Ref.  1  does  not 
introduce  an  analysis  of  this  important  allocation  problem,  and  we  will  address  only  the  problem  of 
multiple  Blue  weapons  which  will  bring  fire  on  some  “typical”  Red  target  that  will  be  closing  in  on 
Blue.  Thus,  the  particular  enemy  force  is  somewhat  hazy  in  concept.  In  Chapter  32,  we  do  address  the 
weapon-target  allocation  problem,  but  simply  as  n  separate  issue,  so  that  the  practicing  analyst  may 
apply  it  to  a  host  of  different  problems  he  might  face  perhaps.  Nevertheless,  for  the  mixture  of  different 
types  of  weapons  for  Blue’s  defense,  some  general  observations  are  in  order  and  can  be  made  here. 

To  begin  with,  if  there  are  a  number  of  different  kinds  of  weapons  which  Blue  will  use  against  Red, 
then  whenever  two  or  more  different  types  are  being  fired  simultaneously  by  Blue,  all  but  one  type 
must  necessarily  be  fired  at  the  maximum  intensity  or  rate.  Moreover,  the  tendency,  will  in  fact  be  to 
fire  different  types  of  weapons  at  different  times  and  different  ranges  because  of  their  capability.  This  is 
simply  because  some  types  will  be  best  for  the  longer  ranges.  Other  types  will  be  most  suitable  for  the 
intermediate  ranges,  and  finally  others  for  the  very  short  ranges.  In  this  way,  Blue  will  allocate  the  fir¬ 
ing  of  his  weapons  so  that  their  full  potential  will  be  used  advantageously  and  effectively. 

Another  general  observation  concerns  the  firing  of  several  weapons  of  the  same  type  and  is  also  perti¬ 
nent  here.  A  way  of  handling  this  type  of  problem  is  to  note  that  one  can  approach  the  analysis  be  say¬ 
ing  that  the  bounds  in  Eqs.  31-50  and  31-51  may  be  multiplied  by  the  number  of  weapons  n.  In  this 
way  it  is  noted  that,  for  the  firing  policy  developed— call  it  p(s)— the  firing  policy  for  each  weapon  of 
that  same  type  is  taken  as  «(r)/n,  a  lower  intensity  but  longer  period. 

Although  much  further  research  should  be  carried  out  for  the  multiple  weapon  problem,  including 
especially  the  weapon-target  allocation,  there  is.  a  class  of  problems  for  which  specific  answers  can  be 
obtained.  Again,  it  is  necessary  that  the  rate  of  fire  or  allocation  functions,  which  depend  on  the  firing 
range,  be  bounded,  i.e., 

C£p,(f)£A/,  (31-50) 
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Then,  Karlin,  Pruitt,  and  Madow  (Ref.  1)  first  assume  that  only  one  weapon  of  each  type  will  be  fired, 
and  based  on  this  have  proved  a  theorem  of  some  use.  It  is  their  Theorem  4,  which  uses  the  assump¬ 
tion  of  the  unbounded  hit  and  kill  function  of  Eq  31-42.  It  also  makes  use  of  a  common  gain  function 
g(s)  for  all  of  the  different  Blue  weapons  fired  at  Red.  * 

Theorem  4  ( Ref  .  1) 

Suppose  the  hit  and  kill  function  designated  as  1  for  the  first  Blue  weapon  is  unbounded  at  zero 
range,  i.e.. 


pk  i(0)  =  oo* 

and  tnat 

0)  Pki(s)/pki(s)<Ms)/pkt(s)<-  "<M)/PM 

and 


(31-52) 


(31-53) 


(2>  If 


_  2fiMfLl  -  J^L>0 

l  P*M  J  g'  CO 


(31-54) 


for  all  value?  of  the  weapon  type « and  the  range  s.  Also,  and  as  before  in  Eq.  31-26,  let  us  define/, (x) 
Ms)  =  k,(s)/pkl(s).  •  ni 


Then,  if  the  ft(s)  are  specifically  bounded,  i.e., 

Ms)ZMt 


(31-55) 


(31-56) 


on  the  interval  of  range  (x„/,)  given  and  determined  by  Eqs.  31-57  and  31-58,  the  optimal  firing  policy 
pt  (r)  for  the  ith  weapon  consists  of  firing  that  particular  weapon  with  intensity /,(j)  of  Eq.  31-55  on  the 
interval  of  range  (x„<,),  where  the  ranges  s,  and  t,  are  determined  recursively  from  the  equations 


f,(s)ds  •-  a,  ,  i  »  1,2, ...,r 


(31-57) 


38  A, _!(/,_,)  ,  »  *  2,...,r 


(31-58) 


•The  unbounded  pt,(0)  i*  not  ■  necessary  condition  for  Theorem  4,  but  it  admissible  even  if  it  is  unbounded. 
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and  where  also  we  take 


ri  =  0 


(31-59) 


f‘t(s)  =  g(s)  +  pkt(s)g'(s)/p'ltt(.s)- 


(31-60) 


These  relations  are  sufficient  to  determine  the  firing  intervals  (*<./,),  and  firing  allocation  functions  f,(s), 
uniquely  (Ref.  1).  We  will  illustrate  this  with  an  example. 

EXAMPLE  31-5: 

Blue’s  intelligence  is  such  that  he  decides  to  stop  a  Red  unit  approaching  his  position  by  firing  a  105- 
mm  howitzer  at  the  longer  ranges  and  an  81 -mm  mortar  at  closer  ranges  if  Red  successfully  gets 
through  the  area  of, artillery  fire.  Suppose  that  the  mean  distance  to  a  kill  for  the  105-mm  howitzer  is 
8000  m,  that  for  the  81-mm  mortar  is  2000  m,  and  the  hit  and  kill  functions  may  be  taken  as  approx¬ 
imately  exponential.  Consider  also  a  gain  function  which  starts  at  zero  value  just  in  front  of  Blue’s  posi¬ 
tion  and  increases  exponentially  to  0.99  at  10,000  m.  What  then  would  be  Blue’s  allocation  of  rounds 
fired  from  the  howitzer  and  mortar,  and  what  would  be  Red’s  survival  chance  up  to  1000  m  in  front  of 
Blue’s  position? 

To  solve  this  problem,  we  will  first  set  it  up  generally.  Thus,  we  will  use  the  subscript  1  for  the  mor¬ 
tar,  and  the  subscript  2  for  the  howitzer.  Then,  take  as  in  Eq.  31-3  the  hit  and  kill  functions  for  the 
mortar  (1)  and  howitzer  (2): 


p*i{s)  =  exp(-r/“i) 


p*t{s)  -  exp (s/cti). 


Further,  the  derivatives  are 

P*i(s)  -  -exp (-j/a,)/a,  ,  />**(*)  =  - exp(-j/a*)/a s 
p!,(s)  =  exp(-r/a,)/af  ,  plt(s)  -  exp(-r/ort)/aJ. 

For  the  gain  f  jnction,  it  is  seen  mat  a  reasonable  description  meeting  our  requirements  is  given  by 


g(s)  =  1  -  exp(-j/0) 


(31-61) 


and  since  the  va  lue  of  gain  is  to  be  equal  to  0.99  at  a  range  of  10,000  m  for  Blue  killing  Red  there,  then 
the  parameter  il  is  found  from 


-ln[l  -  *W] 


(31-62) 


10000 


2171.5  m. 
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generally,  and  solving  finally  for  h  gives 

/,  =  a,ln[(5i  +  1  +  a,/d)/(l  +  <*,/£)].  (31-68) 

Now  since  ay  =  2000,  and  d  =  2171.5,  the  value  of  h  which  makes  the  two  sides  of  Eq  31-67  equal 
when  $i  =  1  is 

/x  -  838  m. 

Next,  we  use  i  =  2  in  Eq.  31-58,  which  gives  the  relation 

h,(st)  =.  ht(t ,)  (31-69) 

and  with  the  aid  of  Eqs.  31-60  and  31-66  we  see  that 

1  -  exp (st/0)(\  +  at/0)  -  1  -  exp(-/1/d)(l  +  aq/d)-  (31-70) 

On  solving  for  st,  we  obtain  generally  that 

si  -  h  +  0ln[(l  +  at,/d)/(l  +  ai/fi)).  (31-71) 

Substituting  <*i  =  2000,  at  -  8000,  d  =  2171.5,  and  h  =  838  into  Eq.  31-71  yields 
j,  =  2773.5  m 

for  the  minimum  range  for  the  howitzer.  This  value  of  r*  =  2773.5  then  is  finally  used  in  Eq.  31-57  for 
i  =  2,  which  gives 

ft(s)ds  =  J*  cxpv/at)(£-  +  4-)Js  =  St:  (31-72) 

Upon  integration,  one  easily  finds  solving  for  lt  that 

/,  =  at  In  [expCrj/ai)  +  5*/  (1  +  ctt/0)].  (31-73) 

Upon  substituting  for  all  values  into  Eq.  31-73  including  5t  “  1,  then  we  determine 
ft  ~  3898  m. 

Hence,  the  optimal  firing  policy  for  Blue  is  to  open  fire  on  Red  with  his  artillery  weapon  at  a  range 
no  greater  than  about  3898  m,  and  firing  a  round  between  that  range  and  no  closer  than  2774  m.  Then 
Blue  uses  his  mortar  to  fire  a  round  from  about  a  range  of  838  m  or  soon  thereafter  as  Red  approaches 
Blue’s  position.  Red’s  survival  chance  will  depend  on  Blue’s  firing  range. 

The  reader  may  verify  that  had  two  rounds  been  filed  from  the  mortar,  then  the  shooting  of  those 
two  rounds  may  have  commenced  a;  h  ■  1427  m  instead  of  838  m.  Furthermore,  had  the  howitzer  shot 
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three  rounds,  then  the  lower  limit  on  range  for  firing  the  howitzer  would  have  been  at  s2  =  3362  in,  and 
firing  of, the  howitzer  could  have  commenced  at  t2  =  6171  m '  a  much  longer  range. 

Thus,  we  have  calculated  the  intervals  or  bounds  on  range  for  firing  the  mortar  and  the  howitzer, 
either  for  single  rounds  each,  or  for  two  rounds  for  the  mortar  and  three  rounds  for  the  howitzer.  The 
optimal  intensities  for  firing  are  determined  by  f2(s)  of  Eq.  31-64  for  the  mortar  and  f2(s)  of  Eq.  31-65 
for  the  howitzer.  By  the  use  of  Eqs.  31-47  and  31-48,  the  values  of pmU)  on  page  31-21,  and  Eqs.  31-64 
and  31-65  for  we  are  able  to  determine  the  survival  chance  of  Red  up  to  1000  m  in  front  of  Blue's 
position  to  be  0.3%.  Moreover,  for  the  firing  of  two  mortar  rounds,  the  reader  could  put  tt  =  1427  m  in 
Eq.  31-67  and  show  that  =  2;  and  he  could  substitute  st  -  3362  m  and  t2  —  6171  m  in  Eq.  31-72  to 
show  that  5j  =  3. 

31-5  SUMMARY 

We  have  given  an  introduction  to  the  rather  important  problem  of  aeveloping  optimal  firing  proce¬ 
dures  for  a  single  weapon  and  for  multiple  weapons;  these  policies  of  allocating  rounds  being  depend¬ 
ent  on  the  range  to  enemy  forces.  Also,  several  examples  have  been  given  to  acquaint  the  analyst  with 
some  of  the  types  of  applications  he  might  face. 
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CHAPTER  32 

WEAPON-TARGET  ALLOCATION  PROBLEMS 


Weapons  should  be  properly  assigned  to  neutralize  targets  on  the  basis  of  their  capabil.ly  to  do  so.  We  therefore  in-  > 
troduce  and  exhibit  some  of  the  better  techniques  for  allocating  weapons  to  targets  in  order  to  optimize  effectiveness  in 
some  way  This  may  include  criteria  which  minimize  the  po'ential  threat  of  Red  targets,  or  improve  the  worth  of  the  at¬ 
tack  to  Blue,  or  reduce  the  logistic  burden  or  cost.  Weapon-target  allocations  involve  operations  research  techniques  such 
as  Bellman ’s  dynamic  programming  procedure ,  linear  programming  studies,  the  use  of  Iwigrange  multipliers,  and  other 
methods  for  finding  maxima  or  minima  subject  to  various  constraints.  We  realize  that  weapon  vs  target  allocations  can¬ 
not  be  calculated  in  the  fieid  under  normal  combat  conditions;  however,  the  results  of  such  studies  can  be  used  advan¬ 
tageously  for  improved  training  of  commanders,  or  efforts  to  field  better  families  of  weapons,  or  for  planning  for  the 
development  and  procurement  of  new  weapons.  Finally,  we  discuss  random  tarpet  allocation  briefly. 

We  give  a  sufficient  number  of  examples,  which  illustrate  various  applications,  arid  the  reader  may  extend  his  knowl¬ 
edge  in  appropriate  directions  by  studying  the  References  and  Bibliography  given  herein. 


32-0  LIST  OF  SYMBOLS 

■  Aj  -  “common”  factor  of  several  values  of  qt,  =  (<7u),/p' 

[A]  =  [rl}\  =  coefficient  matrix  of  the  number  of  Blue  i  type  rounds  required  to  kill  the  jth 
Red  target  (type) 

a„  =  chance  Blue  destroys  exactly  k  Red  targets 
a0  -  chance  that  both  of  two  targets  survive 
c,  =  chance  that  exactly  one  of  two  targets  is  killed 
at  =  chance  that  both  (of  two)  targets  are  killed 
B  =  Blue  force  designation,  or  number  of  Blues 

Bt  =  number  of  rounds  (or  sorties)  available  for  the  tth  type  of  Blue  weapon.  (This  may 
be  a  combat  day  of  expenditure.) 

B ,  -  number  of  Blue  missiles  assigned  to  the jth  Red  target 
Bj  =  optimum  value  of  Bj 


B 

B0  =  £  Bt  =  total  number  of  Blue  rounds,  or  weapons 

i-i 

[A]  =  column  vector  of  constants 
h*  =  symbol  in  Eq.  32-31 

Cfj  =  xtj/tj  -  commitment  ratio  of  the  tth  type  Blue  weapon  rounds  to  the  jth  Red  target 
complex 

£(/?*)  *  expected  number  of  Red  targets  killed 

f(R,B)  =  £  tj(wj  Tl  pu)-ViB  l) 

j- i 


f,  —  relative  frequency  with  which,  or  the  chance  that,  the  tth  Blut  weapon  (type)  takes  on 
or  is  assigned  to  defend  against  the  jth  Red  weapon  (type).  These  relative  frequencies 
may  be  zero  in  some  cases  or  several  Blue  weapons  may  attack  one  Red  target. 
i  =  1,2, ...,Bandj  -  1,2, 
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fn  ~  f  -  special  case  for  ftl 
f,/j  =  special  cases  of^y  also 
J )  =  number  of  targets  in  the 7th  Red  target  class 

=  minimum  value  of  a  sum  in  Bellman’s  dynamic  programming  'echnique  oee  Eq  > 

gi(x,B)  =  ha(x)  =  first  value  of gr(x, B)  attained  when  r  ~  1 
h i(xj)  ~  certain  minimum  in  dynamic  programming  (see  Eq.  32-56) 
ht(zj)  -  minimum  in  dynamic  programming  based  on  weights  Zj 
h((xj)  -  W){qtJY>  =  initial  value  of  hi(xt)  for  i  =  1 

K  =  maximum  number  of  times  the  Red  threat  may  be  defeated  with  Blue's  available  rounds 
k  =  subscript,  often  used  for  an  optimum  condition 
Lt  -  Pi/pi  =  normalization  of  the  p,  with  respect  to  the  first  pt 
L,  =  slack  variables  (see  Eq.  32  -70) 

/. 

Pk  =  chance  Blue  destroys  at  least  k  Red  targets  =  £  ay 

pd  =  chance  any  Blue  (the  ith)  searcher  detects  any  Red  (the 7  th)  target 
pu  =  conditional  or  average  probability,  for  the  engagement,  that  the  tth  Blue  weapon  (type) 
will  destroy  the  7th  Red  target  (type),  given  that  the 7th  Red  target  survives  all  o.ner 
Blue  weapons.  The  ptJ  may  be  determined  or  estimated  by  means  of  the  methods  in 
Chapters  14,  17,  and  20. 
p,j  =  p  =  special  case  for  ptJ 

p,  =  chance  that  a  Blue  missile  kills  the^th  Red  target 
pj  =  p,  j  -  1 , 2,  ...,R  is  a  special  value  of  p, 

p„k  -  single-shot  kill  probability  of  Blue  against  Red 
Q  =  /wll  ~  (1  ~  P*)*]  as  in  Eq.  32-82 

q, j  =  1  —  ptj  -  chance  that  the^ th  Red  target  survives  the  tth  Blue  weapon 
qj  =  1  —  pj  =  chance  the 7  th  Red  target  surviver-  a  Blue  missile 

q}  =  q  -  special  value  of  q} 

R  -  Red  force  designation,  or  number  of  Reds 
Rk  =  number  of  Red  targets  killed 
r  =  number  01  Red  targets  actually  attacked 

r, }  =  number  of  rounds  (sorties)  of  ammunition  required  to  defeat  the  7th  Red  target  with 

the  :th  Blue  weapon 

Sj  —  number  of  weapons  (rounds)  allocated  to  the 7th  target 
Sf  =  optimum  value  of  Sj  (see  Eq.  32-44) 

T  =  threat,  as  measured  by  its  worth  or  value 

Tj  -  7  th  Red  target  class,  referring  to  type  of  target,  size,  and  location 

tj  =  number  of  target  elements  in  the 7  th  type  Red  target  complex 

V  =  total  value  to  Blue,  which  is  to  be  maximized,  and  which  is  given  by  (see  Eq.  32-20) 

V  =  £  V*k 

km  1 

Vk  =  value,  or  reduction  in  threat,  to  Blue  for  destroying  exactly  k  Red  targets.  The  Red  tar¬ 
gets  are  assumed  to  be  more  or  less  similar,  although  they  could  be  of  somewhat  differ¬ 
ent  types  if  the  Vk  and  ak  take  care  of  that  possibility.  (Note  that  Vx  -  value  of  destroying 
one  target,  Vt  -  value  of  destroying  two  targets,  etc.,  so  that  the  assumed  targets  are 
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just  about  restricted  to  being  of  equal  value,  or  that  is  t*  =  where  x  is  the  value  ot  a 
single  target. } 

»  •*  =  kr  -  special  value  of  {  ’* 

If’  =  total  worth 
W  =  total  allowable  weight 

=  total  worth  with  respect  to  B 
H]  =  weight  (in  pounds  I  of  one  Blue  i  type  round 
It'v  ~  particular  worth  given  by  Eq.  32-29 

u •)  =  wonh  or  value  of  the  ]\h  Red  target.  This  may  be  estimated  on  a  cost  basis,  measure 
■  of  threat,  risk,  or  by  anv  other  means  of  interes.. 
u'j  =  w  =  special  case  for  as 
Uj  ~  r  =  special  value  of  itj 

iv j  =  threat  or  value  potential  of  the yth  Red  type  target  complex,  (as  before  lor  simple  the 
jth  Red  target ) 

[a- J  =  column  vector  to  be  solved  giving  the  r,7 

x0  —  shortened  designation  for  (see  Table  32-2) 

xlt  -  number  of  rounds  allocated  for  firing  at  the  ;th  tvpe  Red  target  from  the  tth  type  Blue 
weapon 

x,j  -  number  of  targets  in  the  /th  Red  class  of  a  single  threat  assigned  to  the  tth  Blue  weapon 
x,  =  integer  vaiue  of  x„  (see  Eq  ..3204) 

**  =  total  allocation  of  the  r/s 

xt  =  computation  for  rIS{.r, )  (see  Table  32-3) 

[yj  =  \zj/  =  greatest  integer  in  j  ] 

» 

y j  -  L  jf/n(l  ~  pi/)  ~  transformation  given  by  Eq.  32*18 

i-i 

z,  =  weight  constraint  (see  Eq  32*66,' 
lnX  =  (/3  -  Bt)fy  -  "key”  or  parameter  quantity  given  in  Eq  32-43 
j  j  r  =  transpose  of  a  matrix 

a  -  integer,  1,  2, ....  for  number  of  Red  kills  specified 
0  -  "key  ‘  quantity  or  parameter  given  in  Eq  32-4 1 
y  *  “key”  quantity  or  parameter  given  in  Eq.  32-42 

»h  ”  L  //A,  (see  Eq  32  14) 
p,  *  exponent 

ui  *»  value  of  a  single  similar  target 


32-1  INTRODUCTION 

Since  the  Army  has  a  host  of  wrapons,  designed  to  attack  various  targets  possessing  different 
degrees  of  protection  and  located  at  different  ranges,  there  naturally  arijes  the  problem  of  how  best  to 
employ  different  weapons  in  attacking  the  enemy  or  defending  a  position.  Obviously,  targets  must  be 
taken  under  fire  as  they  appear  on  the  battlefield  and  become  a  threat  to  friendly  forces.  Indeed,  it  of- 
!  A  ten  has  been  said  ihat  the  target  assignment  problem  is  handled  more  or  less  through  random  oc  cur- 

]  \  rent  es;  however,  ?uch  random  engagements  often  may  result  in  much  inefficiency,  and  it  becomes  of 
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considerable  importance  to  assign  different  weapons  to  particular  targets,  and  hence  not  waste  am¬ 
munition  or  effort  unnecessarily.  There  is  no  point,  for  example,  in  tiring  small  arms  weapons  that 
c  ann.ot  penetrate  armor  at  tanks,  nor  is  it  desirable  to  fire  antitank  rounds  at  large  area  targets  w  hu  h. 
t  an  better  be  neutralized  by  appropriate  artillery  fire.  Then  again  weapons  mav  be  range-limited  and 
hence  cannot  possibly  take  on  targets  beyond  their  range  capability.  Moreover,  the  drl.verv  accuracy 
of  weapons  may  be  a  limiting  parameter,  for  so  many  rounds  might  be  required  to  guarantee  any  high 
degree  of  assurance  of  killing  a  target  that  unwise  firing  policies  would  be  the  result  if  range-act  uracc  - 
iethality  considerations  are  not  taken  into  proper  cognizance.  Thus,  completely  random  selection  of 
and  firing  at  targets  cannot  possibly  be  adopted  as  sound  policy,  although  such  mav  sometimes  he 
necessary  due  perhaps  to  surprise  Planning  of  either  the  attack  or  the  defense  is  always  a  worthwhile 
activity.  In  summary  we  might  well  point  out  that  it  is  the  function  of  command  to  conserve  resources 
wherever  possible,  but  at  the  same  time  to  employ  weapons  in  such  a  manner  that  the  enemy  will  be 
denied  ground  and  be  annihilated  promptly,  once  any  conflict  starts. 

There  are  many  w..ys  or  criteria  that  might  be  used  to  allocate  weapons  against  targets,  and  the 
anah  st  will  have  to  choose  the  more  appropriate  methods  of  approach  for  the  particular  problem  at 
hand  Some  very  valuable  bases  which  have  been  used  in  the  past  include  allocation  on  the  basis  of 
maximizing  the  effectiveness  of  some  family  of  weapons  in  damaging  targets,  or  minimizing  the  cost  or 
weight  of  ammunition  required,  or  minimizing  the  total  cost  of  the  weapon  tamily.  and  others  Then 
again,  one  may  have  to  take  into  consideration  time,  available  resources  of  all  kinds,  or  consider  sec¬ 
ondary  damage  areas  that  might  be  effected,  etc. 

The  problem  of  weapon-target  allocation  is  somewhat  different  from  that  of  force  structure  analyses 
In  the  force-mix  problem,  one  is  interested  in  determining  just  what  veapon  mix  should  be  developed 
for  limits  on  funds  and  constraints  on  time  to  “maximize”  the  damage  to  a  projected  or  hypothesized 
enemy  force.  On  the  other  hand  fot  the  weapon-target  allocation  problem  one  starts  with  the  premise 
that  given  a  weapon  family  of  certain  characteristics  against  certain  targets  appearing  at  different 
ranges,  then  just  how  should  the  weapons  of  the  family  be  assigned  hr  actual  firing? 

A  review  of  the  literature  on  the  weapon-target  matching  or  "missile  allocation”  pioblem  to  about 
19“0  is  given  by  Matlin  (Ref  1).  In  Ref.  1,  Matlin  covers  the  model  characterization,  including  the 
weapon  system,  the  target  complex,  the  engagement,  the  damage  submodel,  and  the  algorithm 
description.  He  also  lists  in  his  Table  I  (Ref.  1)  many  of  the  parameters  involved  for  the  attacker,  the 
defender,  the  scenario,  objectives,  and  intelligence  problems.  Nlatlin's  Fig.  1  gives  a  flow  chart  as  guid¬ 
ance  for  users,  and  his  Fig.  2  summarizes  the  characteristics  of  the  missile  allocation  submodel 

The  types  of  models  described  by  Matlin  include  the  allocation  model  for  a  single  weapon,  the 
allocation  models  for  multiple  weapon  ty  pes,  game  models,  and  some  special  feature  models.  Finally, 
Matlin  gives  abstracts  of  some  4 1  papers  or  reports  concerning  the  weapon-tabget  allocation  problem. 

We  will  first  illustrate  the  weapon-target  assignment  problem  by  starting  with  a  simple  evaluation 
strategy 

32-2  A  TYPICAL  WEAPON-TARGET  ALLOCATION  MODEL 

Let  us  start  with  a  verv  typical  weapon-target  assignment  problem.  Suppose  there  a*e  B  Blue  infan¬ 
trymen  with  rifles  in  position  and  under  attack  by  B  Red  riflemen  approaching  them.  Then,  let  us  use 
the  following,  rather  general,  notation  to  analyze  this  limited,  homogereous  weapon  situation. 

Let : 

i,  “  relative  frequency  with  which,  or  t!»e  chance  that,  the  tth  Blue  weap  m  (type)  takes  on  or  is 
assigned  to  defend  against  the  7th  Red  weapon  (type).  These  relative'  frequencies  may  be 
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zero  in  seme  cases  or  several  Blue  weapons  may  attack  one  Red  target,  t  =  1,  2,  . . . ,  B  and 

j  ~  1,2,...,/?. 

pij  —  conditional  or  average  probability,  for  the  engagement,  that  the  :th  Blue  weapon  (type)  will 
destroy  th^affh  Red  ^rget  (type),  given  that  the jth  Red  target  survives  all  other  Blue  weap- 
,  ons.  The  ptJ  may  be  determined  ^estimated  by  means  of  the  methods  in  Chapters  14,  17, 
and  20.  i  ' 

il'j  -  worth  or  value  of  the jth  Red  target.  This  may  be  estimated  on  a  cost  basis,  measure  of  threat, 
risk,  or  by  any  other  means  of  interest. 

Hence,  the  chance  that  tl  ith  Blue  weapon  takes  on  the jth  Red  target  and  then  defeats  it  is }npa,  and 
the  charce  that  this  does  not  occur,  which  means  that  the  Mh  Red  target  survives,  is 

(1  -  +  W  -  Pij)  =  1  -  hpii-  (32-1) 

Furthermore,  an  overall  measure  of  the  threat  Blue  should  consider  for  the  engagement  is  then  easily 
seen  to  be  the  sum  of  worths  for  each  Red  target  multiplied  by  the  chance  that  no  Blue  weapons  kill 
that  Red  target,  i.e.,  the  threat  T  is 

T  «  twjhd  -  JijPt,)  (32-2) 

7-1  1-1 

and  Blue  will  want  to  minimize  this  overall  threat  value  subject  to  the  conditions  for  assigning  the  ith 
Blue  weapon,  or 

ii,  -  1  (32-3) 

7-1 


and 

it  2*0.  (32-4) 

Now  having  established  a  somewhat  general  formulation  of  the  problem,  let  us  return  to  the  simple 
situation  of  Blue  riflemen  versus  Red  riflemen.  In  this  case,  we  may  just  as  well  assume  that  each  Blue 
rifleman  has  an  equal  chance  of  taking  on  a  Red  rifleman,  and  each  Blue  has  the  same  chance  of  killing 
a  Red,  and  all  Red  targets  have  equal  value  or  threa'  to  Blue.  Thus,  for  such  a  homogeneous  case  of 
combat,  the  various  factors  simplify  to 


Wj  m  w 


l  «  7 
Pti  "  A 


for  all  i,j. 


Further,  Eq.  32-2  then  collapses  to  the  total  threat  value 


(32-5) 


T  m  u>R(\  —  fp)a . 


(32-6) 
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To  be  very  specific,  recall  that /in  Eq.  32-6  is  the  chance  or  proportional  frequency  with  which  the  ;th 
Blue  rifleman  engages  a  Red  rifleman,  and  p  is  the  conditional  probability  that  given  a  detection  and 
an  engagement  that  the  ith  Blue  rifleman  kills  a  Red  rifleman.  Thus,  given  p  and  the  threat  value  v 
for  each  Red  rifleman,  then  what  should  the  relative  frequency / be?  Since  the  chances  of  engaging  all 
Red  targets  by  the  ith  Blue  weapon  sum  to  unity  as  in  Eq.  32-3,  and  with  the  assumption  that  all  ftJ 
are  equal,  then  R(  -  Rf  —  1.  or  /has  to  be  equal  to  \/R.  That  is  to  say.  each  Red  rifleman  will  be 
taken  on  by  a  Blue  rifleman  with  the  equal  relative  frequency  of  1  /R.  This  may  be  proven  more  rigor- 

a 

ously  by  setting/;  =  j],  noting  that  £  fj  must  equal  unity,  and  using  the  Lagrange  multiplier  tech- 

nique  to  find  under  “optimum”  conditions  that  /  =  \/R.  Thus,  each  Red  rifleman  is  engaged  b\  a 
Blue  rifleman  with  a  frequency  equal  u>  the  reciprocal  of  the  number  of  Reds. 

The  appropriate  value  of  T  we  seek  under  the  assumptions  is  thus  attained  at  /  =  1  //?,  and  is  given 
by 


T  =  «7?(1  -  p/R)B.  (32-7) 

An  example  will  be  instructive. 

EXAMPLE  32-1: 

Given  that  20  Red  riflemen  attack  1 5  Blue  riflemen  in  position  and  that  for  close  ranges  each  Blue 
rifleman  has  a  90%  chance  of  killing  a  Red  rifleman  as  he  approaches  Blue  in  the  open.  How  should 
Blue  allocate  his  fire  and  just  what  is  the  initial  overall  “value”  of  this  simple  engagement  ? 

We  might  jus*  as  weil  take  w  =  1,  for  equal  threats,  to  obtain  relative  numerical  answers,  and  we 
know  that  each  Blue  should  select  any  one  of  the  Reds  with  equal  frequency.  Thus,  the  chance  that 
each  Blue  selects  a  Red.  or  allocates  fire  to  that  Red,  is  1/20 — and  this  incidentally  has  nothing  to  do 
with  the  total  number  of  Blue  infantrymen,  being  quite  independent  of  that.  Thus,  each  Blue  will  pick 
a  Red  at  random  and  the  threat  computation  is  found  using  Eq.  32-7  to  be  I 

T  (1  )(20)f  1  -  0.9/20)1*  =  10.02, 

One  notes,  incidentally,  that  the  highest  value  to  Red  occurs  when  no  Reds  arc  taken  under  fire,  i.e., 
/•*  0,  and  the  value  T  is  then  equal  to  20.  Had  each  Blue  taken  on  a  Red  more  frequently  than 
/  *  \/R  =  1/20,  say  /  =  1/15,  then  T  would  be  less  than  10.02,  i.e.,  T  =*  7.91.  Had  Blue  engaged  a 
Red  less  frequently,  say,  /  =  1/30,  then  T  m  12.67,  a  higher  “value”  to  Red.  Had  the  Blue  force  con¬ 
sisted  of  20  riflemeh,  then  the  value  to  Red  wuuld  have  been  less,  of  course,-  i.e.,  we  would  then  have 

T  -  20(1  -  0.9/20)**  *  7.96 

for  in  this  case  Blue,  with  five  mere  riflemen,  would  have  been  able  to  bring  on  more  effective  fire. 

Continuing  a  bit,  suppose  now  that  Blue’s  single-shot  kill  probability  were  reduced  to  0.5,  which 
might  occur  for  somewhat  long*"  engagement  ranges.  Then  the  threat  T for  1 5  Blue  riflemen  becomes 

T  -  20(1  -  0.5/20)“  -  13.68 

and,  as  expected,  the  value  to  Red  is  much  increased. 


32-6 
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Blue  may  always,  therefore,  reduce  the  overall  value  by  throwing  in  more  troops  or  using  more  po¬ 
tent  weapons.  On  the  other  hand,  one  may  easily  see  that  this  example  is  rather  superficial,  for  Red 
will  try  to  sneak  up  on  Blue,  or  choose  paths  toward  Blue,  which  will  keep  his  chance  of  being  de¬ 
tected  as  low  as  possible — i.e.,  so  that  he  may  gain  an  advantage,  namely,  that  of  surprise.  Hence,  Blue 
will  not  then  see  all  Red  riflemen  at  once,  but  only  one  or  a  few  occasionally,  and  the  selection  prob¬ 
lem  will  boil  down  to  taking  each  Red  target  as  it  suddenly  appears.  Then  again,  when  fewer  Red 
targets  appear  on  the  scene,  we  see  that  Blue  can  allocate  more  fire  per  Red  and  possibly  obtain  some 
advantage  since  the  kill  probability  per  Red  may  increase.  Moreover,  after  each  shot  the  numbers  of 
Blues  and  Reds,  or  B  and  R,  will  change.  Consequently,  the  threat  value  of  the  conflict  will  vary  ac¬ 
cordingly,  and  perhaps  on  a  stochastic  basis,  unless  Blue  or  Red  can  allocate  their  firing 
systematically.  Obviously,  we  are  merely  trying  to  illustrate  the  allocation  problem  of  weapons  to 
targets  in  an  elementary  manner  and  for  the  battle  at  a  given  stage,  so  to  speak.  Uniform  randomness 
here  does  not  seem  to  be  unreasonable. 

Now  to  return  to  the  more  general  weapon-target  allocation  problem  as  formulated  in  Eq.  32-2.  One 
sees  that  the  is  and  j's  may  refer  to  dtflerent  types  of  weapons,  which  take  on  different  types  of  targets 
at  very  different  ranges  of  engagement,  and  the  probability  ptJ  that  the  ifh  weapon  type  kills  the 7th 
target  type  may  vary  considerably;  accordingly,  the  general  allocation  problem  becomes  much  more 
complex  In  fact,  this  general  formulation  is  actually  one  such  type  of  allocation  problem  set  up  in  the 
literature  by  Manne  (Ref.  2),  and  apparently  one  originally  formulated  by  Dr.  Merrill  Flood  at  a 
Princeton  University  Conference  on  Linear  Programming  in  March  1957.  Furthermore,  as  Manne 
(Ref.  2)  points  out,  this  particular  formulation  of  the  weapon-target  allocation  problem  is  a  highly 
'  simplified  one  because  the  typical  military  problem  in  the  field  will  obviously  involve  target  assign¬ 
ments  which  will  have  to  be  made  also  on  a  priority,  sequential,  and/or  surprise  basis,  as  we  have  in¬ 
dicated,  and  riot  at  all  on  a  simultaneous  allocation. 

Generally  speaking,  the  minimization  of  Eq.  32-2  subject  to  conditions  (Eqs.  32-3  and  32-4)  is 
rather  difficult — as  pointed  out  by  Manne  (Ref.  2) — and  some  modifications  of  the  general  formula¬ 
tion  have  to  be  made,  or  more  restrictive  assumptions  taken  into  account.  In  this  vein,  a  very  useful 
and  important  reformulation  of  the  problem  due  to  Ash  (Ref.  3)  would  seem  to  have  rather  wide 
ranges  of  application.  We  will  illustrate  the  rather  general  usefulness  of  Ash’s  variation  of  the  original 
problem  of  Flood  by  outlining  an  important  practical  example. 

EXAMPLE  32-2:, 

Blue  intelligence  indicates  that  Red  infantry  numbering  about  100  riflemen  and  a  separate  group  of 
Red  tanks  numbering  10  are  preparing  for  an  attack  on  Blue’s  position,  although  the  Red  forces  are 
still  some  8000  m  away.  Knowing  his  weapon  capabilities  from  systems  analysis  studies,  blue  decides 
that  lie  can  stop  Red’s  probable  attack  with  a  Battery  of  six  105-mm  howitzers,  which  has  1000  HE 
rounds  available,  and  a  Battery  of  six  8-in.  howitzers  equipped  with  500  HE  rounds,  with  the  latter 
also  having  1250  of  a  new  type  of  projectile  which  has  some  capability  to  kill  tanks  at  very  long  ranges. 
Blue  estimates,  uzing  the  methods  of  Chapter  15;  that  each  105-mm  HE  round  has  about  0.05  chance 
of  killing  a  Red  infantryman,  but  only  0.01  of  causing  an  enemy  tank  mobility  kill.  For  the  8-in.  howit¬ 
zer  battery  the  new  projectile  has  a  single-shot  kill  probability  of  about  0.04  against  an  enemy  rifle¬ 
man  and  0.08  against  an  enemy  tank,  whereas  corresponding  values  for  the  8-in.  HE  round  are  0. 1  and 
0.02,  respectively.  How  then  should  Blue  allocate  his  combat  load  of  ammunition  to  minimize  the  Red 
threat? 

Clearly,  a  problem  of  this  nature  is  of  much  practical  importance  since  it  represents  an  application 
of  the  use  of  a  new  weapon  and  just  how  it  may  fit  into  the  family.  For  Ash’s  formulation  (Ref.  3) 
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which  assumes  relatively  small  single-shot  kill  probabilities,  some  additional  definitions  are  needed  as 
defined  below.  In  particu'  ir,  he  assumes  that  there  are  several  composite  targets,  or  target  complexes, 
each  consisting  of  seven  or  many  target  elements. 

The  additional  definit.  »ns  needed  are: 

Bt  —  number  of  blue  rounds  available  to  be  fired  from  the  fth  type  weapon 
xu  =  number  of  rounds  allocated  for  firing  at  thejth  type  Red  target  from  the  ith  type  Blue 
weapon 

tj  =  number  of  target  elements  in  the jth  type  Red  target  complex 

cu  -  xu/tj  ~  commitment  ratio  of  the  fth  type  Blue  weapon  rounds  to  the  yth  Red  target 
complex 

Wj  -  threat  or  value  potential  of  the  jth  Red  type  target  complex  ias  before  for  simply  the 
jth  Red  target). 

Note  that  for  our  reformulated  problem  the  commitment  ratio  cu  corresponds  roughly  to  the  relative 
frequency  or  allocation  ratio  already  defined,  it  being  redefined  somewhat  het  c.  Also  since  we  are  in¬ 
terested  in  the,  number  of  rounds  of  each  type  fired  by  Blue,  and  have  defined  that  number  as  Bt,  we  see 
that  total  of  Blue  rounds  of  all  types  is  Bo,  or 

B0  =  i  B,.  (32-8) 

i- 1 

Thus,  we  may  as  well  let  B  be  the  total  number  of  different  types  of  Blue  weapons,  and  R  the  total 
number  of  different  types  of  Red  target  complexes. 

With  these  considerations,  then  the  total  value  of  the  Red  threat  can  be  expressed  as 

T  =  i  Ujt,  n(l-  CjPtj)  (32-9) 

i- 1  i- 1 

~  l  u>)h  n  (i  —  xtjpu/tj) 

J-\  I-: 

and  the  desired  assignment  is  the  determination  of  the  c„,  or  hence  the  xtJ,  which  makes  T a  minimum 
subject  to 


£  Cub  ~  “  Bt  -  (32-10) 

j-t  j-i 


for  i  m  1,2,... ,  Band 

c,j  Z  0.  (32-11) 

By  assuming,  as  will  often  be  the  case,  that  the  product  of  factors  ci,p„  is  suitable  small,  i.e.,  perhaps 
no  greater  than  about  0.1,  then  Ash  (Ref.  3)  shows  that  T  is  very  approximately  given  by 
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7*  exp(5/2)  2~0  +  Av/>o)*J  (32-12) 

through  second  order  terms  in  pu,  which  therefore  should  be  of  sufficient  accuracy.  The  approximate 
threat  value  7  of  Eq.  32-12  has  geometric  characteristics  and  is  of  the  form  that  Ash  (Ref.  3)  was  able 
to  use  Lagrange  multiplier  methods  to  prove  that  the  allocations  that  minimize  Red’s  approximate 
total  threat  (Eq.  32-12)  are  given  by 

ci,  =  \/pt,  ~  Of,  ~  nt)/[{wj  (32-13) 

I- I 

where 

Th  =  £  hi  pi)  .  (32-14) 

i-i 

and 

f(R,B)  =  £  tjiwjnp,,)-™-".  (32-15) 

,-i  i- i 

Hence,  the  allocation  computations  are  straightforward,  although  a  bit  tedious  perhaps,  and  for  the 
very  complex  problems  the  use  of  a  high-speed  calculator  may  be  very  desirable. 

We  are  now  ready  to  return  to  and  give  a  solution  of  Example  32-2. 

EXAMPLE  32-3: 

Give  the  data  of  Example  32-2  and  assuming  that  a,  Red  tank  is  equivalent  to  a  threat  equal  to  19 
Red  infantrymen,  determine  the  best  allocation  of  105-mm  HE,  8-in.  HE,  and  the  new  long-range 
antitank  rounds  for  Blue’s  combat  load. 

With  the  given  data,  the  subscript  i  represents  Blue,  and  i  =  1,  2,  and  3  (B  =  3)  will  be  taken  to 
mean  105-mm  HE  rounds,  8-in.  HE  rounds,  and  new  projectiles,  respectively.  Similarly,^  means  Red, 
and  j  =  1  and  2{R  =  2)  will  denote  Red  infantrymen  and  Red  tanks,  respectively.  Moreover, 
Bx  =  1000,  Bt  =  500,  and  Bt  =  1250  (Bt  -  nt  in  Eq.  13-13);  =  100  Red  riflemen  and  tt  =  10  Red 

tanks,  and  w,  =  0.05  and  a*  =*  0.95.  Finally,  for  the  kill  probabilities,  we  have 

pu  =  0.05,  pif  —  0.01,  pfi  38  0.1,  pn  —  0.02,  pn  —  0.04  and  p$»  ~  0.08. 

Then  from  Eq.  32-1 5,  we  find  that 

f(R,B)  =  /( 2,3)  =  hpu)-1'* 

i-i  t- 1 

=*  100[(0.05)(0.05)(0.1)(0.04)]-,/>  +  10[(0.95)(0.01)(0.02)(0.08)]_,/, 

=  31,622.8  +'  2564.9  -  34,187.7.  . 

32-9 


■  armittMi 
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For  the  77,,  we  have  from  Eq.  32-14 

Vi  =  L  tj/ptj 
J- 1 

r, h  =  100/0.05  +  10/0.01  =  3000 
=  100/0.1  +  10/0.02  =  1500 
=  100/0.04  +  10/0.08  =  2625. 

Finally,  the  ctj  are  determined  from  Eq.  32-13  and  are 

cu  =  1/0.05  -  (3000  -  1 000)/{  [ (0.05) (0.05) (0. 1 ) (0.04)]  1/*(34, 187.7)} 

=  1.50 

and  since  xtJ  =  ctjtj 

•  •  , 

=  1.50(100)  =  150. 

clt  =  1/0.01  -  (3000  -  1000)/{  [(6.95)(0.01)(0.02)(0.08)]1/*(34,187.7)} 

=  85 

and  1 

.  xlS  =  85(10)  =  850. 

Similarly,  we  calculate  =  0.75  or  x2,  =  75;  cn  =  42.5  or  =  425;  c„  =  12.28  or  =  1228;  and 
c„  =  2. 18  or  *„  =  22. 

In  order  to  avoid  classification,  this  problem  has  been  formulated  in  terms  of  “artillery”  weapons 
with  very  low  kill  chances  to  meet  the  assumptions  and  for  illustrative  purposes  only.  The  reader  may 
easily  see  that  there  is  an  inordinately  high  level  of  “wasted”  rounds  for  the  total  allocation  which 
nevertheless  checks  out  well.  Obviously,  one  has  to  be  very  careful  that  Ash’s  assumptions  are  fully 
met ;  negative  allocations  for  the  ctj  are  prtma  facit  evidence  of  failure  to  meet  the  assumptions,  and  zero 
allocations  would  have  to  be  assigned  upon  recheck. 

32-3  A  MODIFICATION  OF  FLOOD’S  ALLOCATION  MODEL 

As  we  have  pointed  out,  the  minimization  of  Eq.  32-2 — subject  to  the  conditions  of  Eqs.  32-3  and  32- 
4  under  all  conditions — is  apparently  very  difficult.  For  this  reason,  Manne  (Ref.  2)  indicates  that  Dr. 
George  Dantzig  has  suggested  replacing  the  factor  (1  —  ftjptj)  by  the  factor  (1  —  In  fact,  since 

(1  -  Z  (1  -  ,  0  S  1  (32-16) 

one  might  consider  minimizing 
32-10 
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T  =  iwj¥l(\  -  pt])k  (32-17) 

l-i  i- 1 

It  is  noted  in  this  connection  that  Eqs.  32-2  and  32-17  take  on  identical  values  when  theX  are  unity, 
and  should  be  very  similar  for  fractional  fj.  Moreover,  the  minimum  of  Eq.  32-17  would  represent  a 
lower  bound  to  that  of  Eq.  32-2. 

The  forms  of  Eqs.  32-2  and  32-17  are  nonlinear,  but  Eq.  32-17  may  be  converted  into  a  form,  which 
may  use  a  linear-programming  procedure  by  defining  a  new  variable  y,  given  by 

y j  =  ZftjW  -  pij )  (32-18) 

l-1 

and  then  Eq.  32-17  becomes 

T  =  Zwjexp(-yj).  (32-19) 

y-i 

Hence,  the  original  problem  reduces  to  minimizing  Eq.  32-19  subject  to  the  conditions  of  Eq?\  32-3 
and  32-4,  for  which  Manne  (Ref.  2)  indicates  a  method  of  solution.  However,  dynamic  programming 
techniques  may  be  applied  to  obtain  the  values  of fu  which  minimize  Eq.  32-17.  Wc  discuss  this  in  par. 
32-5,  rather  than  proceeding  with  Manne’s  approximate  and  somewhat  restrictive  solution.  In  fact, 
any  solutions  which  give  fractional  values  of  the  ftJ  may  be  undesirable,  so  techniques  which  give  in¬ 
teger  values  ha/e  more  meaning  physically. 

Some  points  of  interest  concerning  peripheral  matters  of  the  optimal  target  assignment  problem  are 
worthy  of  mention  here. 

32-4  OTHER  WEAPON-TARGET  ALLOCATION  MODELS 

den  Broeder,  Ellison,  and  Emerling  (Ref.  4)  consider  the  problem  of  allocating  and  firing  B  missiles 
of  the  same  type  simultaneously  against  R  Red  targets.  They  define  the  following: 

p)  =  chance  that  a  Blue  missile  kills  the  /th  Red  target 

qj  *  1  —  pf.m  chance  the  /th  Red  target  survives  a  Blue  missile 

Bj  ~  number  of  Blue  missiles  assigned  to  the/ th  Red  target 

at,  “  chance  Blue  destroys  exactly  k  Red  targets 

P„  *  chance  Blue  destroys  at  least  k  Red  targets 

a 

"  £«/ 

/-* 

Vn  ”  value,  or  reduction  in  threat,  to  Blue  for  destroying  exactly  k  Red  targets.  The  Red  targets 
are  assumed  to  be  more  or  less  similar,  although  they  could  be  of  somewhat  different  types 
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if  the  V„  and  ak  take  care  of  that  possibility.  (Note  that  V\  =  value  of  destroying  one  target, 
=  value  of  destroying  two  targets,  etc.,  so  that  the  assumed  targets  are  just  about  restricted 
to  being  of  equal  value,  or  that  is  Vk  =  ku,  where  w  is  the  value  of  a  single  target.) 

V  -  total  value  to  Blue,  which  is  to  be  maximized,  and  which  is  given  by 

V  =  L  Vkak.  (32-20) 

den  Broeder,  Ellison,  and  Emerling  (Ref.  4)  do  not  solve  the  general  problem  for  different  pp  but 
assume  initially  that  they  are  all  equal,  i.e., 

pi  =  pi  =  ■■■=  pj  =■=  Ph  =  P  (32-21) 

and  prove  the  following  two  Theorems: 

Theorem  I:  If  the  Vk  are  nondecreasing  functions  '  of  k ,  then  the  maximum  vahe  ofV  is  attained  when  the  Bj ’s 
differ  by  at  most  one. 

R 

Theorem  II:  The  probability  Pk  —  J2  a j  of  destroying  k  or  more  targets  is,  for  eachk,  a  maximum  when  the 

Jmk 

Bj  If  differ  by  at  most  one. 

The  reader  should  note  that  we  have  used  T for  the  threat  in  Eq.  32-2  when  Red’s  survival  chances 
are  considered,  and  in  Eq.  32-20  we  use  V  for  value  when  kill  probabilities  of  Red  are  involved.  Also, 
the  wj  of  Eq.  32-2  are  not  equal  to  the  Vk  of  Eq.  32-20,  the  latter  being  cumulative  for  the  number  of 
targets  k. 

In  Ref.  4,  the  authors  also  consider  the  Flood  model  of  Eq.  32-2,  which  in  their  notation  to  be 
minimized  is  W  the  total  worth  of  the  surviving  Red  forces 


W  = 


ZWj(qj)Bj 

j-i 


(32-22) 


subject  to 


E  Bj  =  B 

j- 1 


and 


BjZ  0. 

In  connection  with  minimizing  Eq.  32-22,  one  could  instead  maximize 


(32-23) 


(32-24) 


Z>;(i  ~  (qj)BA- 

J-i 
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Based  on  Eqs.  32-22,  32-23,  and  32-24,  den  Breeder,  Ellison,  and  Emerling  prove  the  following 
theorem: 

Theorem  111.  Given  that  theBj  minimizes 

W(B)  =  L  Wj(gj)  B>  (32-26) 

A 

thenBj  minimizes 

W{B  +  1)  =  twj(qj)B>  (32-27) 

j-t 

forBj  ^  0  and  Y.  Bj  —  B  +  \  ,  if 

i 

B.  =  Bj  for;  ^  k,  andBk  —  Bk  +  1 
where  k  satisfies 

wk{qk)B*pk  -  max  \wj(qj)BJpj].  (32-28) 

\£j£R 

Note  that  Theorem  III  merely  states  that  if  one  interprets 

as  a  revised  estimate  of  the  value  of  the  kth  target  based  upon  an  optimum  assignment  of  B  missiles, 
then  an  added  missile  should  be  assigned  to  the  target  for  which  the  expectation  of  the  revised  value 
destroyed  is  largest.  Hence,  Theorem  III  affords  a  very  nice  algorithm  for  computation. 

One  may  note  that  the  value  model  of  Eq.  32-20  and  the  worth  or  va'ue  form  given  by  Eq.  32-25,  i.e., 

Wv  =  £wj[\  -  {qj)Bh  (32-29) 

j-i 

are  identical  if 

Wj  -  o,  Vk  =  kv,  and  -  q.  (32-30) 

For  example,  we  illustrate  for  the  case  of  two  targets  with  qx  *  qt  *  q,  and  Bx  missiles  assigned  to 

target  1,  and  Bt  to  target  2. 

Then, 

a#  =*  chance  that  both  targets  survive 
=  1  —  (1  —  qB\»qBi)  *  qBi+Bt 
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U\  =  chance  that  exactly  one  target  is  killed 

=  (1  —  qB>)qB*  -f  (1  —  qB*)qB'  =  qB>  +  qB*  —  2qBt+B* 


a3  =  chance  that  both  targets  are  killed 

=  (1  —  —  qBt)  =  1  —  qB>  —  qB*  +  qB  >+fl» 

From  Eqs.  32-20  and  32-30 

V  -  £  Vkak  —  vai  +  2 va2  =  (2  —  qBt  —  qBt)v. 


Also,  from  Eqs.  32-26  and  32-3C 

fV(B)  =  £  W/O  ~  7^)  =  »[(1  ~  qB> )  +  (1  “  qB »)] 

J-i 

=  (2  —  q B'  —  q  B*)v  also. 

As  pointed  out  in  Ref.  4,  for  equal  survival  probabilities  qt  -  q,  the  procedure  of  the  authors’ 
Theorem  III  may  be  interpreted  as  “an  attempt  to  make  all  Wj(q)B >  equal  and,  if  the  Bj  were  not  re¬ 
quired  to  be  integral,  this  interpretation  would  he  quite  precise”.  To  quote  den  Broeder,  Ellison,  and 
Emerling  further: 

“Proceeding  formally  from  w/ q)B>  =  wk(q)Bt,  one  obtains 

Bj  -  Bk  -  |lny  |~1ln(«;*/t0/)  =  bJk,  say.  (32-31) 

“Thus,  it  appears  that  for  q,  =  q,  one  should  attempt  to  assign  so  that  the  differences  between  the  Bj 
are  equal  to  specified  constants  (whereas  most  analysts  interrogated  have  guessed  that  their  ratios 
would  be  significant).  It  may  be  recalled  that  in  Theorem  I  we  attempt  to  satisfy  Bj  —  Bk  =  0.  Indeed, 
if  wj  *  u  and  q:  *  q,  the  bJk  are  all  zero  and  we  have  a  heuristic  proof  of  Theorem  I  for  the  special  case 
Vk  =  kw.” 

This  discussion  suggests  the  following. 

Theorem  IV:  The  function 

V  ~  Z  Vkak 

is,  for  arbitrary  qj  —  1  ~  pj  and  Vk  —  ku,  maximized  according  to  Theorem  III  with 
Wj  v. 

We  will  illustrate  these  results  with  an  example. 

EXAMPLE  32-4: 

Blue  is  planning  an  attack  on  Red,  and  has  intelligence  information  to  the  effect  that  the  Red  force 
he  is  assigned  to  neutralize  consists  of  an  infantry  company,  an  artillery  battery,  and  a  tank  company. 
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Blue  has  10  missiles  with  large  warheads,  each  consisting  of  a  payload  of  1000  shaped-charge,  frag¬ 
mentation  submissiles,  and  the  payload  of  each  missile  has  a  kill  probability  of  0.2  agarnst  the  Red  in¬ 
fantry  company,  0.05  against  the  tanks,  and  0.1  against  the  Red  artillery.  If  Blue  considers  that  the 
relative  worths  or  values  of  Red  infantry,  Red  tanks,  and  Red  artillery  are  about  equal,  then  how 
should  he  allocate  the  firing  of  his  10  missiles  so  as  to  maximize  the  value  of  neutralizing  the  Red 
forces  ? 

Let  j  =  1  denote  infantry,  j  —  2  denote  tanks,  and  j  =  3  denote  artillery.  Then 


0.2 

pi 

=  0.05 

Pi 

=  0.1 

0.8 

<12 

=  0.95 

<1* 

=  0.9 

Ui 

Wi 

—  u 

Wi 

=  u>. 

We  note  that  F*  =  ku,  for  k  =  1,2,3,  and  for  computational  purposes  take  u  =  1 ,  so  that  the  require¬ 
ments  of  Theorem  IV  are  satisfied.  Thus,  we  may  use  Theorem  III  with  w,  =  u  —  1,  and  find  the  B, 
which  minimizes  the  worth  of  Red  surviving,  or 


W{B)  = 

/-i  J- i 

Suppose  we  were  to  fire  only  one  missile,  then  clearly  that  single  missile  should  be  fired  at  Red  in¬ 
fantry,  since  its  kill  worth  is  then  wxpx  -  0.2,  whereas  wxpt  =  0.05  and  wtpt  =  0.1.  Note  that  the  ex¬ 
pected  value  of  the  Red  surviving  the  threat  is  then  0.8,  and  if  Blue  shot  the  single  round  at  Red  ar¬ 
tillery  or  tanks,  it  would  be  0.9  and  0.95,  respectively.  Since  we  have  minimized  the  threat  to  Blue  for 
one  round,  we  may  now  apply  Theorem  III  to  obtain  allocations  for  2,  3,  etc.,  rounds.  (Actually,  for 
the  next  round  or  so,  it  is  easily  seen  that  Blue  should  continue  to  shoot  at  Red  infantry.)  The  com¬ 
putations  are  carried  forward  in  Table  32-1. 

The  algorithm  of  Theorem  III  therefore  starts  with  Bx  =  1,  and  keeps  increasing  Bx  by  one  until 
(qi)B'pi  <  $p2  ~  pi  or  qlpt  —  pi 


TABLE  32-1.  APPLICATION  OF  THEOREM  HI  TO  EXAMPLE  32-4 


Line 

h 

h. 

{qt)B,h 

(qt)B,Pi 

1 

1 

0 

0 

0.1600 

0.0500 

0.1000 

2 

2 

0 

0 

0.1280 

0.0500 

0.1000 

3 

3 

0 

0 

0.1024 

0.0500 

0.1000 

4 

3 

0 

1 

0.1024 

0.0500 

0.0900 

5 

3 

0 

2 

0.1024 

0.0500 

0.0810 

6 

4 

0 

2 

0.0819 

0.0500 

0.0810 

7 

4 

0 

3 

0.0819 

0.0500 

0.07?9 

8 

4 

0 

4 

0.0819 

0.05CD 

0.0656  \ 

9 

4 

0 

5 

0:0819 

0.0500 

0.0590 

10 

5 

0 

'  5 

0.0655 

0.0500 

0.0590 
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and  this  occurs  on  line  4  of  Table  32-1,  at  which  point  a  missile  is  allocated  to  target  j  —  3  or  Red  ar¬ 
tillery.  Following  line  4,  Red  artillery  is  allocated  2  missiles  through  line  6.  After  tire  6,  Red  artiller- 
gets  the  additional  allocation  through  line  9  since  is  greater.  The  final  allocation  is  to  moot  5 

missiles  at  Red  infantry,  5  at  Red  artillery,  and  none  of  the  10  rounds  at  Red  tanks.  In  fact,  no  missiles 
would  be  allocated  for  firing  at  Red  tanks  until  Blue  had  at  least  13  missiles  to  fir'.  (The  final  .alue 
from  Eq.  32-29  is  1.08.)  ' 

Calculations  such  as  these  should  make  the  analyst  stop  and  think?  Fsrexample.  are  the  basic  input 
data  sound  or  should  they  be  altered?  Perhaps  if  the  data  can  be  refined,  then  a  more  exact  calculation 
could  be  made  and  a  more  reasonable  (?)  allocation  of  missiles  to  targets  scheduled.  Then  again, 
which  type  of  Red  unit  would  really  be  the  greatest  threat  to  Blue?  Would  it  be  Red’s  infantry  ,  tanks, 
or  artillery?  Offhand,  it  would  seem  to  be  the  Red  artillery,  and  hence  our  al’ocation  may  not  there¬ 
fore  be  too  poor.  But  aren’t  the  Red  tanks  more  of  a  threat  than  the  Red  infantry?  To  settle  such  ques¬ 
tions,  one  would  have  to  consider  the  entire  Blue  forces  in  the  battle  area,  and  based  on  this,  then 
jperhaps  he  might  place  different  values  on  the  Red  units  rather  than  the  assumption  of  equality  we 
have  made  here  in  such  cases,  the  analyst  may  desire  to  change  models  as  needed  to  fit  the  battle 
situation. 

Lemus  and  David  (Ref.  5)  also  developed  some  rules  hr  optimum  allocation  of  different  weapons  to 
a  target  complex.  They  consider  that  the  threat  is  composed  of  groups  of  attacking  units  (e.g..  Red 
weapons)  to  an  assemblage  of  targets,  each  cf  which  has  a  certain  worth  or  value  to  the  attacker,  and 
for  each  of  which  the  chance  of  hitting  and  killing  is  known.  They  assume  ?’so,  as  is  often  necessary  in 
analyses  of  this  kind,  that  the  engagement  time  is  short  so  that  there  is  no  time  to  evaluate  the  out¬ 
come  of  individual  engagements,  and  the  attacker  must  therefore  assign  all  of  his  weapons  before  the 
effects  of  individual  shots  are  assessed.  Furthermore,  the  targets  are  assumed  *o  be  fixed  in  dispersed 
positions  so  that  the  attacker  cannot  possibly  knock  out  more  than  one  of  them  with  a  single  shot. 

W'e  now  adapt  their  analysis  to  our  basic  problem  of  Blue  allocating  his  weapons  and  rounds  against 
Red  forces,  and  sta'e  Lemus  and  David’s  formulation  (Ref.  5)  as  follows: 

1.  There  are  j  =  \,  2,  R  Red  targets,  each  of  which  has  a  certain  worth  or  threat  value  wj  to 
Blue,  and  oy>0. 

2.  There  are  f  =  1,  2,  ...,  B  different  types  of  Blue  weapons,  and  the  number  of  weapons  (or 

B 

rounds)  of  the  ith  type  is  Bt.  Also,  L  Bt  =  B0,  the  total  of  weapbns  (rounds). 

i-i 

3.  The  probability  that  the  fth  Blue  weapon  destroys  the  jth  Red  target  is  ptt,  and  the  chance  that 
the  yth  Red  target  survives  the  fth  Blue  weapon  is  then  qtJ  =  1  —  pu. 

4.  The  number  of  Blue  weapons  (or  rounds)  of  the  fth  type  which  are  assigned  to  the jth  Red  target 

is  xij. 

5.  All  targets  are  within  the  range  of  all  weapons  considered. 

Then  consider  the  problem  of  finding  the  x(J  by  maximizing  Blue’s  kill  value  against  Red: 

V  =  i  Wj[\  n(l  -  Pu)x,\  (32-32) 

J-l  (-1 

subject  to 

Lx u  =  Bt  ,  for i  -  1,2,..., B 

j-t 
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and 


H  <  p;,  <  1 ,  xtJ>  0  1 32-34) 

Lemus  and  David  (Ref.  5)  point  out  that  there  are  essentially  two  different  types  of  solution  in  the 
literature  ior  this  kind  of  problem.  One  is  the  “digital''  solution  which  yields  integral  values  of  the  xi;. 
and  the  other  is  the  “analytical"  type  of  solution  which  is  based  on  the  use  of  Lagrange  multipliers, 
and  treats  the  number  of  weapons  (or  rounds)  as  a  continuous  variable,  usually  producing  fractional 
numbers.  If  the  number  of  weapons  is  of  ti.e  order  of  magnitude  of  the  number  of  targets,  then  the 
digital  solutions  are  most  desired,  whereas  if  the  number  of  weapons  is  large  compared  with  the  num¬ 
ber  of  targets  then  analytical  methodology  may  be  quite  acceptable  since  it  will  require  less  -om 
putaiional  time  and  at  the  same  time  yield  sufficiently  accurate  results  In  Ref  5,  Lemus  and  David 
develop  an  analytical  solution  based  on  Lagrange  multipliers  and  compare  it  through  an  example  with 
that  obtained  from  digital  methods.  A  very  useful  account  of  Lagrange  multiplier  methods  lor  the 
systems  analyst  is  given  by  Dorn  in  Ref.  6 

The  analysis  of  Lemus  and  David  (Ref.  3)  is  oased  on  the  analytical  treatment  that  follows.  The  qu 
are  first  expressed  as 

q„  »■(.■!,)*  (32-35) 

where  A,  is  a  "common  "  part  of  the  for  the ^th  target,  and  it  may  as  well  be  taken  in  terms  of  one  of 
the  probabilities  q(J.  fo:  example  a,  *  (q»)lfi'x  ie.,  selected  as  a  “base"  here.  Hence,  the  p,  turn  out  to 
be  different  exponents  and  depend  on  the  ith  Blue  weapon.  Then,  some  factors  L„  with  p,  of  Eq.  32-35 
referrin«-  to  the  1st  Blue  wrappn  type,  are  defined  in  terms  of  the  p,  as 

h  -  P«/P«  (32-36) 

and  finally  quantities  Sh  giving  the  total  allocation  of  weapons  (rounds)  to  the  yth  target,  are 


Sj  *  £  L,x„ 


(32-3?) 


i.e.,  in  tet  nu  of  the  alloca'ion  factors  x„.  We  then  have  tha. 


LS,  -  LL,Bt  -  B, 

)•  1  1*1 


(32-38) 


where  fl,  it  the  total  number  of  Blue  weapons  (or  often  round*)  available  for  firing. 
One  may  note  using  these  definitions  that  this  simply  rt'eans 


n  (w-  -  n  iM/H'*  -  fi ! w./W*h'  -  n  «*„)*• \Mt>  - 

M  «• 4  f*t  1.1 


02-39) 


3/  - 17 


DARCOM-P  706  102 


where 


qX;  =  chance  of  sure  ival  of  ;ih  Red  targe:  w  hen  fired  on  by  the  1st  Blue  weapontype. 
MorecAer  the  value  i  Fq  32-32)  then  becomes 

V  = 

iuA\  -  (?„)<•] 

i- 1 

(32-40) 

Next,  to  obtain  the  optimum  allocations,  one  calculates  the  quantities 

0  = 

£{!n[M.ln(l/?u)]/In(l/Vly)} 

1 

(32-41) 

y  * 

L  il/lnfl/?,/] 

7-1 

(32-42) 

In  A  = 

<0  -  B0)/ y 

(32-43) 

•*?  = 

|!nt*>  -  In. A  +  ln[ln(l/<7,y)|/[ln(l/<7,;)l 

(32-44) 

where  S *  is  the  optimum  value  of  S,.  In  passing,  and  as  it  »urns  out.  we  have  that 

ZSj  =  B0  S*  k  0.  (32-45) 

i 

Finally,  the  optimal  allocations  x„o{  Blue  weapons  (rounds)  against  Red  targets  are  given  by 

*•/=  (32-46) 

and  thi  final  value  1'  for  the  allocation  values  may  be  calculated  easily  from 


V  = 


Z»>  -  At 

/*i 


If  some  of  the  allocations  turn  out  to  be  negate,  those  targets  are  dropped,  and  the  procedure 
repeated  for  those  targets  for  which  S*  k  0 


EXAMPLE  32-5: 

L’re  the  data  of  Example  32-4  Find  the  optimal 
infantry,  tanks,  and  artillery,  assuming  (I)  equal 
fantry,  Red  tanks,  and  Red  artillery  are  uy  ■  1, 
Altho  tgh  Blue  *  10  missiles  are  all  alike,  we 
ZB,  m  B,  m  B  m  10.  Also,  we  see  that 


ma 


Pit  m  0.2  pn  *  0.05  and 


(32-47) 


(illocation  of  Blue’s  missiles  to  Red’s  three  targets  of 
arget  values,  and  (2)  th-  relative  worths  for  Red  in- 
tty  »  2,  and  tty  »  3,  respectively, 
y  treat  them  as  being  “distinct”,  with  B,  *  1  and 


pa  «  0.1 
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qn  =  08  qi2  —  0  95  and  ql2  =  0.9 

a\  =  1  .  I/,  =  1  ,  and  =  1  (for  Assumption  No.  1). 

We  now  compute  d  from  Eq,  32-4 1 : 

0  =  In  jln(  1/0.8)  )/ln(  1/0.8)  +  ln[  l/0.95)]/ln(  1/0.95) 

-i-  in(ln(ln(l/0.9)]/ln(l/0.9)  =  -85.987. 

Then  compute  7  from  Eq.  32-42: 

7  =  1/ In  (i/0.8)  +  1  /Inf  1/0.95)  +  l/ln(l/0  9)  =  33.468., 

Then  compute  In X  from  Eq.  37-43 

InA  =  (-85.987  -  10)/33.468  =  -2.868. 

Finally,  from  Eq.  32-44,  we  obtain  the  total  allocation  of  Blue  missiles  to  Red  infantry  as 
S*  =  (In  1  -  (-2.868)  +  ln[ln(l/0.8))}/ln(l/0.8)  =  6.13.  ’ 


In  a  like  manner, 

S*  =  —1-99  and  S?  -  5.86. 

We  note  that  S*  is  negative  (or  minus  two  Blue  missiles),  hencr  the  second  Red  target  (tanks)  should 
be  omitted,  and  a  recalculation  made. 

By  way  of  passing.  S *  +  5»*  +  5»*  *■'  10.0,  nevertheless. 

A  recalculation,  using  only  the  Red  infantry  with  qn  m  0.8,  and  »hc  Red  artillery  with  qlt  *  0.9, 
gives,  the  new  values 

0  =  -28.081,  7  -  13.973,  InX  *  -2.725 

and 

S*  m  5.49  and  S*  *  4.51  (arxi  wr  take  S*  m  0). 

Since  there  is  only  one  type  of  Blue  missHes  or  rounds,  the  individual  type  Blue  allocations  of  Eq.  32- 
47,  which  become  xtl  *■  S*/B *,  are  of  no  particular  interest  in  this  example. 

Hence,  rounding  would  give  the  same  answers, 

S*  -  5,  S*  »  0,  and  S?  •  5 

as  the  digital  or  integer  values  in  Example  32*4,  using  the  methods  of  den  Broeder,  Ellison,  and  Emer- 
ling  (Ref.  4). 
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For  Assumption  No.  2  of  Example  32-5,  using  the  unequal  values — i.e.,  n>i  =  1,  to,  =  2,  and  ;t,  =  3 
—  we  calculate 


0  =  -62.046  ,  y  =  33.468  ,  lnX  =  -2.153 

S*  =  2.93  ,  S*  =  -2.43  ,  S*  =  9.50. 

Again,  Sf  is  negative,  and  hence  the  allocation  of  -2.43  Blue  missiles  against  Red  tanks  should  be 
ignored,  i.e.,  made  zero.  Recalculation  using  data  for  only  the  Red  infantry  and  Red  artillery  yields 

0  =  -17.653  ,  7  =  13.973  ,  lnX  =  -1.979 

S*  =  2.15  ,  s;  *  0  ,  S,  =  7.85 

or  rounding 

s:  =  2  ,  S*  =  0  ,  5,*  =  8. 

Thus,  the  final  allocation  is  to  fire  2  of  the  10  Blue  missiles  at  Red  infantry  and  8  against  Red  artillery. 
Without  &  change  in  single-shot  kill  probabilities,  Red  artillery  now  gets  3  more  Blue  missiles  against 
it,  since  its  value  relative  to  infantry  was  tripled.  On  the  other  hand.  Red  tanks  are  still  not  assigned 
any  Blue  missiles,  for  the  increased  value  to  u>,  -  2  is  apparently  not  enough  to  overcome  the  lower 
single-shot  kill  probability  of  0.05.  The  Red  tanks  would  be  fired  upon,  of  course,  with  increases  in  'he 
Blue  missiles  above  10  to  appropriate  numbers. 

Lemus  and  David  (Ref.  5)  give  a  numerical  example  of  three  different  types  of  weapons,  which  are 
fired  at  20  targets  of  different  values,  with  the  number?  of  types  of  each  of  the  three  weapons  being  50, 
80,  and  45,  respectively.  Their  calculations  for  the  allocations  are  carried  through  using  both  the 
methodology  for  the  “analytical”  approximation  previously  given,  and  also  for  the  application  of 
Theorem  III  of  den  Breeder,  Ellison,  and  Emeriing  (Ref.  4)  for  the  “digital”  or  integer  value  alloca¬ 
tions.  In  this  connection,  their  results  showr  a  very  close  correspondence  between  the  two  methods  of 
allocation,  i.e.,  the  analytical  or  continuous  versus  the  digital  or  interger  values  as  did  our  Examples 
32-4  and  32-5. 

32-5  THE  DYNAMIC  PROGRAMMING  APPROACH  TO  WEAPON-TARGET 
ALLOCATION  PROBLEMS 

Perhaps  the  most  powerful  method  in  recent  yean  of  solving  many  appiied  problems,  including  the 
weapon-target  allocation  problem  described  in  this  chapter,  is  that  developed  by  Richard  Bellman 
(Ref.  7)  through  use  of  his  “principle  of  optimality.”  It  is  especially  adaptable  to  nonlinear  problems, 
and  we  state  it  here. 

,  The  Principle  of  Optimality.  Ah  optimal  policy  has  the  property  that  whatever  the  initial  state  and  initial  decisions 
are,  the  remaining  decisions  must  constitute  an  optimal  policy  with  regard  to  the  state  resulting  from  the  first  decision. 
(Ref.  7  and  Ref..  9,  p.  16). 

We  will  describe  Bellman’s  dynamic  programming  technique  here  by  returning  to  the  threat  of  Eq. 
32-17,  sirxe  it  represents  an  important  practical  problem  and  also  gives  a  lower  bound  to  Eq.  32-2  first 
discussed.  We  note  that  the  threat  T  is  a  function  of  the  allocation  facton  or  relative  frequencies  fh 
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which  we  will  now  change  to  or  replace  by  allocation  integers  xtJ — since  they  may  now  exceed  unity — 
the  chances  pu  that  the  ith  Blue  weapon  (or  type)  kills  the jth  Red  target  (type),  and  some  measure  of 
worth  wj  of  the 7th  Rtd  target.  Thus,  the  total  value  of  ihe  threat  which  Blue  must  minimize  is,  as 
similarly  in  Eq  32*17, 

R  B  R  B 

T  =  £tc/II(l  -  ptJ)x‘>  =  £  wj  II  (qtj)x,>  (32-48)’ 

j- 1  <-i  1- 1  1- 1 

w  here  Blue  has  B,  weapons  (rounds)  of  type  t.  and  a  total  load  of 

LB,  =  B„.  (32-40) 

1-1 

In  order  to  approach  and  describe  the  dynamic  programming  approach  to  weapon-target  allocation 
problems,  we  follow  Bellman  (Ref.  7),  Bellman  and  Dreyfus  (Ref.  8).  and  especially  the  treatment  of 
Sacco  and  Shear  (Ref.  9)  In  Eq.  32-48,  there  are  R  terms  and  each  term,  depending  on  final  alloca¬ 
tions.  may  consist  of  as  many  as  (B  +  1)  factors.  The  B  allocation  numbers  x,t,  giving  the  number  of 
Blue  1  type  weapons  assigned  to  the  jth  Red  (type)  target,  are  to  be  integers.  It  is  helpful  here  to  write 
out  just  what  we  are  seeking  from  the  dynamic  programming  approach,  i.e.,  we  want  the 


B  B  a 

min  E  w,  II  (qij)Xi>  =  min uy  II  (qn) *« 

all x„  j-i  i-i  1. 1 


a 

+  minu*  II  (ffu)***  + 

(**>  1-1 


B 

•  +  minut;  II  {qn)x“ 

U./l  i-> 


B 

+  •  •  •  +  min  w„  II  (ant)*1" 

{*..1  t-t 


(32-50) 


for  1  =  1,2,...,  B,  subject  to 

0  £  q,j  *  1  —  plf  <L  1  ,  for  all  land;  (32-51) 

xtJ  ^  0  ,  (all  nonnegative  integers)  (32-52) 

and 

LBt  =*  2?,  (32-53) 

1*1 

the  total  number  of  weapons  (or  rounds)  allocated. 

We  note  that  the  j  th  term  in  the  expanded  summation  (Eq.  32-50)  represents  a  minimization  of  the 
threat  defined  for  the  /th  Red  target.  Hence,  it  represents  a  minimization  over  the  set  of  values,  i.e.,  the 
number  of  rounds  of  each  Blue  weapon  system  against  the  jth  Red  target, 
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*s ji  •  •  • .  -*fl/l' 

for  the  threat  of  the  yth  Red  target,  which  we  now  concentrate  on,  or 

Wj  II  ( q,j)  x‘> 

i » i 

subject  to 

£  Xu  =  Xj  <  Bo.  (32-54) 

/-  1 

We  have  used  xj  in  Eq.  32-54  to  denote  the  total  number  of  Blue  weapons  (or  rounds)  which  are  fired  at 
only  the  jth  Red  target,  and  it  certainly  has  an  upper  bound  of  R,  in  the  (most  unusual)  case  that  all 
rounds  may  be  fired  a.  the 7th  Red  target.  Now  it  will  usually  turn  out  that  al!  B  different  types  of  Blue 
weapons  (or  rounds)  Will  not  be  fired  at  only  the 7th  Red  target  for  the  optimum  allocation  of  rounds. 
Thus,  we  need  another  letter,  say  k,  to  describe  this  particular  allocation  and,  therefore, 

k  <  B.  (32-55) 

Hence,  for  k  different  actions  or  allocations  against  the  7  th  Red  target,  we  will  denote  the  minimum 
value  of  the  7th  term  of  Eq.  32-50  by  hl(xj),  or 

hi{xj)  =  '  min  ?»/)*"  •  •  •  (32-56) 

hi/ . *».) 

which  is  subject  to  the  constraints  of  Eqs.  32-54  and  32-55,  with  xt  replaced  by  x*. 

We  note  that  the  minimization  indicated  by  Eq.  32-56  is  really  a  multidimensional  problem, 

although  it  can  be  accomplished  in  k  one-dimensional  minimization  processes  by  using  Bellman’s 
Principle  of  Optimality  (Ref  7).  This  is  accomplished  by  an  imbedding  process  of  including  all 
previous  functions  or  factors  in  the  current  one  being  minim' ted.  In  fact,  the  Bellman  principle  of  op¬ 
timality  will  be  applied  first  to  minimize  the  threat  of  the 7th  Red  target  alone,  i.e.,  Eq.  32-56,  and  then 
ultimately  to  the  entire  threat  (Eq.  32-48)  of  all  Red  targets.  Thus,  Bellman’s  powerful  principle  of  op¬ 
timality  is  to  find  the  minimum  of  Eq.  32-56  by  employing  the  functional  arrangement 

hl(xj)  =  miri  [(q*j)x»fi{-t(xj  -  x*,))  (32-57) 

*•/ 

for  k  *»  2,  3, ... ,  B,  where  x„,  can  assume  the  values  of  0,  1,2,...,  x,.  When  *  ■  1,  then  we  find 

h{(x ,)  -  min  [1^(7, ,)*»)  (32-58) 

*1/ 

for  Xu  *  0, 1 ,  2, ....  or  xh  or  thus  it  is  seen  that  if  xXJ  is  as  large  as  x,,  then 

—  32-22  ”  *•  ,*  *“•*- 
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h{(Xj)  =  fpr all  j=l,2,...,R.  ■  (32-59) 

At  this  stage  xj  is  not  known,  and  all  we  really  know  concerning  it  is  that 

0  <  Xi  +  xa  t  •  •  •  +  xR  <,  Be,  andO  <,Xj<  B0. 

In  other  wo-ds,  the  total  allocation  of  Blue’s  weapons  and  rounds  against  all  Red  targets,  as  well  as 
that  against  the  j th  target,  cannot  exceed  the  total  number  of  rounds  B„  available.  Hence,  it  is  seen  that 
we  will  have  to  tabulate  the  quantities  hi(xj)  over  a  “sufficiently  appropriate”  grid  of  values  for  xs  and 
obtain  the  sequence  of  values  for  Eq.  32-56  or  Eq.  32-57. 

So  far,  we  have  discussed  allocations  against  only  the _/th  Red  target,  so  that  now  we  must  fa^e  the 
problem  of  handling  all  of  the  other  Red  targets  also.  This  is  accomplished  also  by  the  use  of  Bell¬ 
man’s  principle  of  optimality.  In  fact,  we  notice  that  there  are  R  different  Red  targets,  although  of 
course  we  must  recognize  that  all  of  them  may  not  be  shot  at  for  an  optimal  allocation  of  weapons 
and/or  rounds.  Hence,  suppose  that  r  ^  R  of  the  Red  targets  will  actually  be  attacked.  Then,  we  define 
a  new  function  gr(x,B)  representing  a  minimization  over  the  total  Red  threat,  which  is  given  by 

gr(x,B )  =  min  (Aj(jr,)  +  Aj(.r,)  +  ■  •  •  +  A^(xr)]  (32-60) 

{x . ,X,) 

where  r  -  1,2,...,/?  and 


Zxj  =  x£B0.  (32-61) 

Note  that  when  r  =  R,  the  final  optimal  allocations  of  rounds  to  the  Red  targets  are  obtained,  and  that 
also  these  allocations  by  target  designation  numbers  are  the  qualities 

^i>  x%,  . « •  i  and** 


some  of  which  may  be  equal  to  zero. 

In  order  to  obtain  this  final  optimal  allocation,  we  again  use  Bellman’s  principle  of  optimality  for 
Eq  32-60,  which  now  becomes,  or  is  expressed  by, 


gr(x,B)  =  min  [hi(xr)  +  gr_x(x  -  xn  B)] 


(32-62) 


for  r  »  2,  3,  . . . ,  /?,  and  where  also  xr  may  take  on  the  values  0^,xr<,x. 
When  r  *  1 ,  then  the  function  g x(x,B)  is 

gi(x,B)  -  h&(x). 


(32-63) 


Mow  Eqs.  32-62  and  32-63  hold  for  all  B,  R,  and  x,  and,  using  Bellman’s  theory,  we  can  assess  the  effect 
m  ihe  final  optimal  policy  or  allocations  which  may  result  from  some  variation  in  any  of  the 
parameters.  Moreover,  in  carrying  out  Bellman’s  principle  of  optimality,  as  just  described,  many  such 
problems  are  solved,  including  that  for  R  ■  1,  2,  3,  . . . ,  different  Red  targets.  Hence,  Bellman’s 
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dynamic  programming  technique  reduces  what  would  ordinarily  be  the  need  for  hundreds,  thousands, 
or  millions  of  enumerations  to  a  systematic  and  powerful  procedure  for  determining  the  optimal  alloca¬ 
tions  or  arrangements. 

We  will  illustrate  the  dynamic  programming  approach  by  applying  it  to  the  data  of  Examples  32-4 
and  32-5,  but  for  the  relative  worths  of  Red  infantry.  Red  tanks,  and  Red  artillery  equal  to  «>,  =  1, 
u >i  =  2,  and  =  3,  respectively — Assumption  No.  2  of  Exampie  32-5.  Although  the  reader  will  no 
doubt  notice  that  for  this  particular  application  dynamic  programming  seems  more  complex  than  the 
solutions  given  for  Examples  32-4  and  32-5,  he  should,  nevertheless,  notice  its  general  use  for  other¬ 
wise  formidable  or  “impossible”  problems. 

EXAMPLE  32-6: 

Find  the  optimal  allocation  of  Blue's  10  missiles  against  the  Red  infantry-,  Red  tanks,  and  Red  ar¬ 
tillery  for  relative  target  worths  of  u\  =  1,  and  wj  =  2,  and  u>)  =  3,  respectively,  given  the  data  of  Ex¬ 
ample  32-4. 

Although  in  Example  32-5,  it  was  convenient  using  the  method  of  Lemus  and  David  (Ref.  5)  to  treat 
Blue’s  10  missiles  as  being  distinct  or  different  i  type  weapons,  i  —  1.2,...,  10.  such  is  not  the  case  for 
BePman’s  dynamic  programming  approach  here.  In  fact,  there  is  only  one  type  of  Blue  weapon,  i.e., 
missiles,  and  i  =  1  only;  however,  there  is  a  constraint  of  10  missiles  to  be  fired,  or 

B,  -  B,  =  B0  =  10. 

Thus,  there  is  B  =  1  or  only  one  type  of  Blue  weapon,  but  j  =  1,  2,  3,  or  R  -  3,  different  types  of  Red 
targets:  infantry,  tanks,  and  artillery.  Furthermore,  ior  a  single  Blue  weapon,  the  k  of  Eq.  32-57  is 
limited  to,  or  simplified  to  k  -  1,  and  the  B  of  Eq.  32-60  is  also  restricted  to  B  =  1.  Thus  only  the 
computations 

gr(x,B)  =  gr(x,  1)  ' 

of  Eqs.  32-60  and  32-62  need  be  carried  out  to  determine  the  optimum  target  assignments. 

W-  proceed  by  first  constructing  Table  32-2  for  the  individual  allocations 

xij(x>)  =  *„(*,)  ,  j  -  1,  2,  3 

and  the  functions  to  be  minimized  (Eq.  32-59) 

h{(xk),  hiixt)  =  Wjiqu)*1'  ,j*  1,2,  3. 

Since  there  are  a  total  of  10  missiles  to  be  allocated  against  3  targets,  then  we  will  make  computations 
throw /h  Xu  -  10,  although  the  allocations  to  individual  Red  targets,  or  •*,/**),  are  stopped  at  5,  which 
turn  cut  to  be  sufficient  for  the  problem  considered  here.  One  may  often  have  to  make  such  initial 
guesses.  One  should  note  in  Table  32-2  that  the  computations  are  strictly  as  indicated  in  the  example 
at  the  bottom  of  the  table,  and  hence  no  minimizing  takes  place  at  this  stage  of  initial  calculations. 

Since  there  is  only  one  type  of  Blue  weapon,  then  only  the  h{(x»)  have  to  be  computed.  That  is  to  say, 
what  would  ordinarily  be  the  next  table — i.e.,  based  on  Ai(r*)>  for  example,  or  Eqs.  32-56  and  32-57  for 
k  -  2,  3,  etc. — become  altogether  unnecessary,  or  do  not  really  exist.  Instead,  one  may  proceed  to  the 
minimization  of  Eq.  32-60  or  that  is  Eq.  32-62. 

.32-24 
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TABLE  32-2.  TABLE  OF  INITIAL  FUNCTIONAL  VALUES,  AU*,) 

FOR  EXAMPLE  32-6 


Values  of  Function  hAx,) 


Allocation  Values  to  Individual 
Red  Targets  xv(xx) 


*!(*,) 

^l(Xl) 

Ai(x.) 

t 

2 

3 

“> 

3 

2 

3 

1.90 

2.7 

1.90 

2.7 

0.u4 

1.805 

2.43 

0.64 

1.805 

2.43 

1.7148 

2.187 

1.7148 

2.187 

1.6290 

1.9683 

1.6290 

1.9683 

1.5476 

1.7715  ' 

qu  =  0.80  ,  qlt  =  0.95  ,  qlt  =  0.90 

Wi  =  1  .  a*  =  2  ,  u/t  =  3 

Example:  A?(6)  =  w,(qa)Iu  =  2(0.95)*  =  1.7148 


(The  allocation  values  in  this  table  are  estimated  as  the  most  likely  ones  needed  for  the 
minimization  process  of  Table  32-3). 


The  next  table  to  construct  is  Table  32-3  which  does  involve  finding  minima.  Table  32-3  introduces 
the  second  target  j  —  2  for  the  Red  tanks,  in  addition  to  the  values  A}(x,)  for  Red  infantry,  which  we 
also  use  just  now  to  determine  the  gr(x,B)  of  Eq.  32-62.  In  fact,  we  will  calculate  all  entries  for  Table 
32-3,  for  illustrative  purposes,  even  though  only  the  minimum  values  need  be  recorded  ordinarily.  In 
the  calculation  of  entries  for  Table  32-3,  one:  ■ 

a.  Selects  a  total  number  of  rounds  x*  to  be  fired. 

b.  Selects  an  x,  (rounds  fired  at  tanks)  =  0,  or  1,  or  ....  to  x*  (less  than  or  equal  to  x*). 

c.  Locates  the  entry  A?(x,)  for  x*  =  xj  in  Table  32-2. 

d.  Adds  the  entry  A{(x  xt)  for  the  difference  x*  =  x  —  x*  from  Table  32-2.  (Here  x  ■  initial  x* 
selected  in  step  a.) 

To  illustrate  the  procedure,  the  Table  32-3  entry  for  x»  =  5  and  x,  *  x,*(x,)  =  2  is 
Af(2)  +  h\(5-2)  =  1.9  +  0.8  =  2.7 

using  the  appropriate  ent  es  from  Table  32-2.  However,  the  minimum  occurs  not  for  x,  «  x1,(xi)  =  2, 
but  for  Xj  =  xu(x,)  =  0,  or  x*  =  x,,(xi)  =  1,  and  is  2.64.  Hence,  for  5  rounds  against  the  first  two 
targets,  Red  infantry  and  tanks,  the  optimal  allocation  is  either  5  Blue  missiles  against  Red  infantry 
only,  or  (5  —  1  =  4)  4  missiles  against  Red  infantry  and  1  against  Red  tanks.  Note  in  Table  32-3  that 
the  minimum  values  are  underlined,  and  only  these  will  be  used  in  the  next  and  final  calculation  of  the 


i 


TABLE  32-3 

TABLE  OF  gt(x,  1 )  BASED  ON  FIRST  AND  SECOND  TARGETS 
(RED  INFANTRY  AND  RED  TANKS) 


c 

0 

S' 

< 

c2 

Different  values  ofx3 

used  in  calculating  h*(xt)  +  n\(x  —  x2) 

Xk 

O 

II 

H 

x,  =  1 

II 

« 

H 

xt  =  3 

*1  =  4 

s 

II 

Ln 

Xt  ~  6 

xt  *  7  xt  =  8  xt  =  9  x,  =  10 

0 

3 

xt  =  compact  notation  for.Tu(;r,) 

=*  0, 1,2,...,**. 

— 

Optimal  *i*(*i)’f  underlined. 

2 

2.8 

3 

2.9 

**  3  total  allocation,  or  round*. 

3 

2.8 

2.8 

2.9 

2.9 

4 

2.64 

2.8 

2.7 

2.9 

2805 

5 

2.64 

2.64 

2.7 

2.7 

2.805 

2.805 

, 

A 

2.512 

2.64 

2.54 

2.7 

2.605 

2.805 

2.715 

7 

2.512 

2.512 

'  2.54 

2.54 

2.605 

2.605 

2.715 

2.715 

8 

2.4906 

2.512 

2.414 

2.54 

2.'»45' 

2.605 

2.515 

2.715  2.63  • 

9 

2.4096 

2.4096 

2.412 

2.412 

2.445 

2.445 

2.515 

2.515  2.63  2.63 

10 

2.328 

2.4906 

2.3096  ' 

2.412 

2.317 

2.445 

2.355  ; 

.  2.515  2.43  2.63  2.548 

£,(x,l)  »  min  [AJ(*,)  +  gi(x  -  1)J  “  min  (A?(jr,)  +  6i(*  -  -*,){  with  i{(xt)  from  Table  32-2. 

<i  '■ 


minima  gs(x,  1 ).  Note  from  Table  32-3,  for  example,  that  if  only  2  Blue  missiles  are  fired  against  only  2 
of  the  Red  targets,  infantry  and  tanks,  then  the  minimum  for  x*  -  2  is  2.8  at  the  value  of  xt  j  0,  so  that 
2  Blue  missiles  would  be  fired  at  Red  infantry  and  none  at  Red  tanks.  Other  optimal  allocations 
against  infantry  and  tanks  are  clear. 

For  the  final  calculations,  we  could  construct  a  table  of 

g»(x,  1 )  =  min  [Af(x,)  +  gt(x  -  x%,  1)] 

X, 

where  the  A*(x,)  are  listed  in  the  column  j  =  3  of  Table  32-2,  i.e.,  for  the  added  Red  artillery,  and  the 
gt(x  -  or*,  1)  are  the  minimum  values  for  the  allocation  entries  of  Table  32-3  already  calculated.  How¬ 
ever,  there  is  no  point  really  in  constructing  such  a  complete  table  for  our  problem  here  since  we  know 
that  exactly  10  Blue  missiles  will  be  fired.  Therefore,  we  see  that  only  the  values  of  g*(10,t)  need  be 
calculated,  and  we  select  that  x,  which  gives  the  least  or  minimum  value.  In  fact,  for  x%  -  0,  1,  2,  . . . , 
10,  the  values  of  £*(10,1)  are,  respectively: 

5.3096,  5.4096,  5.1096,  5.212,  4.942,  5.07, 

4.827,  4.987,  4.7683,  4.4683,  and  4.7715- 
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(Example  calculations  for  generating  these  g3(  10,1)  values  follow: 

x3  =  4:  h\{\)  +  min**  =  10  —  4  =  6 

2.43  (from  Table  32-2)  +  2.512  (from  Table  32-3)  =  4.942 

xs  =  7:  h\(7),  +  min  t*  =  10  —  7  =  3 

2. 187  (from  Table  32-2)  +  2.8  (from  Table  32-3)  =  4.987.) 

We  see  that  the  least  value,  4.7683,  is  for  -s  =  *ia(*i)  =  8.  and  hence  8  Blue  missiles  would  be  fired 
against  Red  artillery,  leaving  2  Blue  missiles,  which  from  Table  32-3  would  be  fired  against  Red  infan¬ 
try  only  since  the  minimum  occurs  for  x3  =  0. 

Therefore,  and  in  summary,  Blue  would  fire  2  missiles  against  Red  infantry-,  zero  missiles  against 
Red  tanks,  and  8  missiles  against  Red  artillery,  which  is  precisely  the  answer  obtained  before  by  the 
(much  simpler)  method  of  Lemus  and  David  (Ref.  5)  in  Example  32-5,  involving  the  “analytical” 
calculation,  as  compared  to  integer  values  for  the  dynamic  programming  approach. 

For  this  particular  example,  therefore,  Bellman’s  dynamic  programming  solution  is  much  more  in¬ 
volved  than  the  rather  straightforward  “analytical”  approach  of  Lemus  and  David;  however,  the  Bell¬ 
man  principle  of  optimality  is  much,  much  more  general,  and  can  be  used  to  solve  a  very  wide  range  of 
allocation  problems  no  other  technique  can  even  approach.  We  illustrate  this  now  with  an  important 
type  of  problem  not  readily  handled  by  other  methods. 

Instead  of  placing  a  limit  on  the  total  number  of  Blue  weapons  (or  rounds)  to  be  fired,  suppose  we 
were  interested  in  a  limit  on  total  weight  of  the  rounds,  or  the  cost,  or  even  other  measures  of  effec¬ 
tiveness.  Sacco  and  Shear  (Ref.  9)  cover  a  very  appropriate  application  of  Bellman’s  dynamic  pro¬ 
gramming  procedure  for  a  limitation  on  the  total  weight  of  rounds  to  be  fired.  (This  might,  for  exam¬ 
ple,  be  a  measure  of  logistic  effort.)  Hence,  we  consider  the  analysis  that  follows. 

Before,  we  defined  the  Wj  as  the  worth  or  value  of  the  j-th  Red  target.  To  distinguish,  we  will  now 
define  Wt  as  the  weight,  for  example  in  pounds  of  one  round  fired  from  the  Blue  ah  type  weapon. 
Hence,  if  xtJ  rounds  fired  from  the  Blue  ith  type  weapon  are  allocated  against  the  j th  Red  type  target 
and  Wt  is  the  weight  of  one  Blue  i  type  round,  then  the  total  weight  of  all  Blue  i  type  rounds  to  be  fired 
against  all  j  —  1,  2,  . . . ,  R  Red  targets  is 

W4  £  xtJ:  ’  ,  -- -  (32-64) 

J-i 

Moreover,  if  the  total  weight  of  all  of  Blue’s  rounds  fired  from  all  Blue  weapons  is  not  to  exceed,  say, 
W,  then  we  must  have  the  restriction 

£  W\  ZXij)  <£  W  (32-65) 

<-i  \j~i  / 

as  a  constraint  in  our  new  type  analysis  here.  Hence,  instead  of  a  limitation  on  simply  the  total  number 
of  rounds  fired  (for  example,  B0  =  10  missiles  in  Example  32-6),  the  allocations  must  now  be  made  in 
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terms  of  an  upper  limit  on  the  total  weight  of  rounds  to  be  fired.  This  is  easily  handled,  however,  by 
replacing  Eqs.  32-54  and  32-55  by 


* 


0<  Zxtj  Wt  =  Zj<  W 

i-i 


(32-66) 


and  Eq.  32-57  by 

hl{Zj)  =  min  \{qk)Y*J  ht-^Zj  -  MV'*,))  (32-67) 

Note  also  that  we  have  changed  the  former  number  of  rounds  Xj  to  a  new  designation  zt  which  now 
represents  weights  of  warheads  as  in  Eq.  32-66.  The  only  other  problem  to  handle  in  this  analysis  is  to  . 
note  that  for  the  xkJ  to  be  integers,  then  the  values  it  can  assume  are 

0,  1,2,...,  [a,/ IT*],  [zj/IV, J  =  [y] 

where  (>>]  means  “greatest  integer  not  exceeding  y". 

The  h{{Zj)  for  Eq.  32-67  is  found  from  an  equation  similar  to  Eq  32-58,  or  . 

hi(zj)  =  Wjiqv ,)*« 

and  then  k  =  2,  3,  etc.,  is  used  in  Eq.  32-67  as  required  by  the  particular  problem  or  application. 

With  these  modifications,  we  are  now  ready  to  give  an  example  of  dynamic  progamming  for  this  new- 
type  of  application.  In  order  to  illustrate  the  principles  rather  fully  for  more  complex  problems,  we 
should  consider  at  least  two  different  Blue  weapon  types,  and  also  we  will  use  three  different  types  of 
Red  targets. 

EXAMPLE  32-7: 

In  a  very  hypothetical  planning  situation,  Red  has  a  truck,  an  armored  personnel  carrier,  and  a  light 
tank,  all  widely  spaced  and  staggered,  approaching  Blue’s  position  over  a  hill  Blue  has  an  antitank  , 
weapon  which  fires  an  armor  piercing  projectile  weighing  21b,  and  which  has  single-shot  kill  probabil¬ 
ities  of  0.9,  0.6,  and  0.4,  respectively,  against  the  Red  truck,  armored  personnel  carrier,  and  light  tank. 
Blue  also  has  a  recoilless  rifle,  located  somewhat  off  to  the  side,  but  rather  advantageously,  which  may 
be  aimed  rather  accurately,  which  fires  an  HE  projectile  weighing  31b  and  may  produce  single-shot 
mobility  kills  of  0.5,  0.7,  and  0.8,  respectively,  against  the  given  Red  targets.  If,  for  logistic  planning 
purposes,  only  10  lb  of  warheads  should  be  fired,  representing  a  day-of-supply  limitation,  then  just 
how  should  Blue  allocate  the  firing  of  his  weapons,  assuming  that  the  relative  worths  of  the.  Red  truck, 
armored  personnel  carrier,  and  light  tank,  on  a  scale  of  unity,  are  0.2,  0.3,  and  0.5,  respectively? 

Again,  our  problem  is  to  find  the  allocations  of  now  two  Blue  weapons  to  three  Red  targets,  desig¬ 
nated  by  {*„,  xu,  xu,  xn,  xn,  *nh  and  which  will  minimize  the  threat  (Eq.  32-48).  Uniike  Example  32-6, 
Blue  now  has  two  weapon  types  (B  -  2),  so  that  Eq.  32-57  for  k  —  2  must  be  calculated  also.  The  data 
for  this  problem  have  been  thoroughly  analyzed  by  Sacco  and  Shear  (Ref.  9),  and  we  record  their 
detailed  analysis  here  for  the  benefit  of  the  reader. 

We  begin  the  calculation  with  Eq.  32-58  and  compute  the  value  of  h{(zk),  for  j  =  1,2,3,  and  for 
values  of  zk  =  0,  1,  2,  ... ,  10  lb.  Fqr  each  j  and  zk  we  record  the  values  of  h[{zk)  and  the  value  of  xu 
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which  gives  this  value  of  h\(zk),  i.e.,  we  construct  Table  32-4  similar  to  Table  32-2.  Note  that  xX)  rangt 
from  0  to  no  higher  than  [zk/li\]  =  [  10/2 J  =  5  rounds  allocated. 

The  next  step  is  to  compute  h^z*),  j  —  1,  2,  3,  since  Blue  now  has  added  a  second  type  of  weapon. 
Again,  we  record  the  value  of  x2J  (in  the  adjacent  Table  32-6)  which  gives  hi ,  these  being  listed  in  Table 
32-5.  Since  hi(zk )  can  be  interpreted  as  the  “return’’  from  the  direction  of  two  Blue  weapon  types 
against  the  »th  Red  target,,  we  must  obtain  and  record  the  xXJ  in  Table  32-6  for  the  pairs  of  {x2J,xu) 
allocations.  Each  is  obtained  from  Table  32-4  and  is  found  ;n  the  row  corresponding  to  (z*  —  3x}J) 
and  the  appropriate  column  fotj.  Thus,  all  results  are  exhibited  in  the  side-by-side  Tables  32-5  and  32- 
6. 

Having  computed  the  h{  and  hi,  the  calculations  of  hb{z)  are  now  complete,  and  we  may  compute  the 
g  functions  in  Eq,  32-62.  In  fact,  since  gt(z,2)  =  h\(z),  we  can  proceed  to  the  calculation  of  £*(2,2), 
which  is  given  by 

g2(zh,B)  =  min^ifAj)  +  gi(zk  -  zt,B)\  (32-68) 

Zt 


TABLE  32-4 

TABLE  OF  FUNCTIONAL  VALUES  h{(zk)  =  Wj{qxj)x'> 
FOR  EXAMPLE  32-7 


Values 

A1U») 

of  r  unctions  h{(zk) 

h\(zk)  h\(zk) 

Values  to  Individual  Red  Targets 
Allocation  *,;(**)  * 

*uC*»)  *u(*»)  *!»(*») 

1 

2 

3 

1 

2 

3 

1 

0.20 

0.30 

0.50 

0 

0 

0 

2 

0.20 

0.12 

0.30 

1 

1 

1 

3 

0.02 

0.12 

0.30 

1 

1 

1 

4 

0.002 

0.048 

0.18 

2 

2 

2 

5 

0.002 

0.048 

0.18 

2 

2 

2 

6 

0.0002 

0.0192 

o;io8 

3 

3 

3 

7 

0.0002 

0.0192 

0.108 

3 

3 

3 

8 

0.00002 

0.00768 

0.0648 

4 

4 

4 

9 

0.00002 

0.00768 

0.0648 

4 

4 

4 

10 

0.000002 

0.003072 

0.03888 

5 

5 

5 

tk  *  total  projectile  allocation  in  pounds 


*X\ /«*)  represents  the  number  of  warheads  (projectiles)  allocated  to  each  of  the 
three  targets:  j  *  1  (Red  truck),  j  »  2  (Red  A  PC),  and  j  »  3  (Red  tank).  The  xv  of 
Table  32-4  are  chosen  hopefully  to  cover  all  particular  allocations  needed  for  the 
dynamic  programming  solution  limited  to  zk  •*  10  lb  of  warheads. 


o 

N 

£ 

?s  -  0.4, 

qt  -  0.6 

wt  m  0.2 , 

wt  “  0.3, 

u>t  m  0.5 

EXAMPLE.  Af(10)  -  -  0.3(0.4)»  -  0.003072 
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TABLE  3*2-5.  TABLE  OF  FUNCTIONAL 
VALUES^*,) 


1 

2 

3 

0 

0.2 

0.3 

0.5 

1 

0.2 

0.3 

0.5 

2 

0.02 

0.12 

0.3 

3 

0.02 

0.09 

0.1 

4 

0.002 

0.048 

0.1 

5 

0.002 

0036 

0.06 

6 

0.0002 

0.0192 

0.020 

7 

0.0002 

0.0144 

0.020 

8 

0.00002 

0.00768 

0.012 

9 

0.00002 

0.00576 

0.004 

10 

0.000002 

0.003072 

0.004 

TABLE  32-6.  TABLE  OF  PAIRS 

[x2j{Zk),  Xij{Zk  ~  3*2j)] 


i  i 

2 

3 

0 

(0,0) 

(0.0) 

(0.0) 

1 

(0,0) 

(0  0) 

(0.0) 

2 

(0,1) 

(6.1) 

(0.1) 

.3 

(0,1) 

(1,0) 

(1.0)  . 

4 

(0.2) 

(0,2) 

(1.0) 

c 

(0.2) 

<U) 

(1.1) 

6 

(0.3) 

(.3) 

(2,0) 

7 

(0.3) 

(1,2) 

(2.0) 

8 

(0,4) 

(0,4) 

(2,1) 

9 

(0,4, 

(1,3) 

(3.0) 

10 

(0,5) 

(0,5) 

(3,0) 

A{(z,)  =  min  -  ixtJ)  ,  obtain  fil(z,  -  3xw)  from  Table  32-4 

*•< 


x„  =  0,1....  (>|  ;  (>]  =  [aJW, ] 
t/ti  -  0.5  ,  qa  =  0.3  ,  qa  =  0.2 

EXAMPLE.  Check  .'{(8)  ’  0.00768 

AJ(8)  =  min  ((7n)T"A;(e,  -  3jtb)] 

W  -  8/3  =  2 

*„  -  0,1,2 

(0.3)*AJ(8)  =  (1)(0.00768)  =  0.00?  9  (minimum) 

(0.3)‘A?[8  -  3X11  *  (0.3)AJ(5)  -  (0.3)(0.048)  *  0.0144 
(0.3)’AJ[8  -  3X2j  =  (0.3)’A’(2)  -  (0.09)(0.12)  -  0.0108 

The  minimum  occurs  when  xa  =  0.  Therefore  no  rounds  from  Blue  weapon  2  (recoilless  rifle)  are  expended  against 
j  -  2  (armored  personnel  carrier).  Since  z„  =  -8  lb  and  a  Blue  weapon  1  (antitank  weapon)  round  weighs  ^  lb,  4  can  be 
expended  against  j  =  2.  In  Table  37-6,  one  may  find  this  information  at  the  intersection  of  z,  *  8  and  j  =  2  given  as 
(0,4). 


Our  objective  is  to  find  the  value  of  z%  which  minimizes  the  expression  on  the  right  side  of  Eq.  32-68 
for  the  given  z*  <,  z*.  The  values,  zt  and  (z*  —  z *),  are  used  to  enter  the  Table  32-6  and  obtain  the  policy 
{***(*»),  JfigCs*  ~  3*ss)]>  (*«(**  ~  Zt ).*«(**  ~  zt  ~  ,3xn)]}.  For  example,  when  z*  =,  6  lb, 
£*(6,2)  ~  0.068  by  use  of  Eq.  32-68  and  the  value  of  zt  which  gives  this  value  of  £*(6,2)  is  z*  =  4  lb. 
Thus,  entering  Table  32-6  at  row  z*  =  4  lb,  we  find  in  thej  =  2  column  that  xa(4)  ’=  0,  x„(4)  =  2.  In 
the  same  table  in  row  z*  —  z,  =  6  —  4  =  2  lb,  we  find  in  the  j  -  1  column  that  .t*i(2)  -  0  and 
*u(2)  =  1.  Thus,  the  optimal  policy  for  only  two  targets,  the  two  Blue  weapon  types,  and  a  total  war¬ 
head  allocation  of  z*  =  6  lb  is  {xv,xu,xn,xn}  -  {1,2, 0,0}. 

Proceeding  in  this  manner,  we  construction  Table  32-7. 

To  sum  up  a  bit  at  this  point,  we  have  so  far  the  optimum  allocations  of  two  weapons  versus  the  first 
two  of  the  targets,  i.e.,  the  Red  truck  and  the  APC,  for  all  total  weights  of  warheads  up  to  10  lb  as 
shown  in  Table  32-7.  Now  we  must  add  the  third  target,  i.e.,  the  Red  tank  to  complete  our  problem. 
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TABLE  32-7.  CALCULATIONS  OF  THE  MINIMA  gt(z>. 2) 


iT,(**.2) 

o 

0.5 

0.  0.  0.  0 

1 

0  5 

0.  0.  0.  0 

2 

>2 

t,  0.0.0  or  O.I.O.O 

3 

(.  29 

0.  0.  0.  1 

4 

014 

1. 1.0.0 

3 

0.11 

1.0.0.  ! 

6 

0  06? 

f.  2.  0.  0 

7 

0  056 

1,  I.C.  1 

H 

0.0392 

I.  3.  0.  0 

9 

0.0344 

1.2.0.  1 

10 

00212 

,  2.  3.  0.  0 

Now  let  us  stop  momentarily  and  examine  the  status  of  our  solution  at  this  stage,  i.c.,  for  adding  the 
third  target,  remembering  especially  that  the  weight  of  the  warhead  for  the  first  weapon — the  Biue 
antitank  weapon — is  2  lb  and  that  for  the  Biue  recoilless  rifle  is  3  lb.  Now  looking  at  Table  32-7,  let  us 
select  the  solution  at  the  stage  for  the  allocation  {1, 2,0,0}  for  6  lb.  We  note  here  that  the  first  weapon 
fires  1  round  at  the  Red  truck  and  2  rounds  at  the  Red  APC,  making  a  total  of  6  lb.  Thus,  we  cannot 
fire  a  warhead  weighing  3  lb  from  the  second  Blue  weapon  and  come  out  wi:n  exactly  10  lb,  so  we 
would  be  locked  into  firing  only  with  the  urst  Blue  weapon — the  antitank  one.  Thus,  if  we  are  to  fire 
the  second  Blue  weapon  at  all,  i.e.,  the  recoilless  rifie,  the  total  allocation  at  this  stage  of  Table  32-7 
must  probably  be  something  like  z,  *  5  lb,  i.e.,  the  allocation  {1, 0,0,1};  or  perhaps  that. of  z*  =  7  lb, 
i.e.,  the  allocation  (1,1, 0,1};  and  indeed  only  one  3-lb  warhead  can  be  fired  to  ieach  10  lb  total,  and 
that  is  the  second  Blue  weapon.  In  this  connection,  we  begin  to  see  that  we  “are  getting  locked  in"  on 
the  overall  problem  solution  merely  by  looking  ahead  a  hit.  In  any  event,  we  will  demonstrate  that 
beyond  the  first  two  targets  the  recoilless  rifle  will  fire  a  shot  at  the  Red  tank  because  of  the  constraint 
of  10  lb  total  weight  and  its  effect  <-eness.  In  this  connection,  however,  we  do  not  need  to  calculate  a 
complete  table  such  as  Table  32-7  for  £,(z»,2),  for  there  is  no  fourth  target  to  consider.  Furthermore, 
we  will  be  interested  only  in  calculations  involving  the  exact,  specified  total  weight  of  warheads,  i.e.,  10 
lb.  Thus,  we  need  to  calculate  £*(10,2)  only  by  using  Eq.  32-62  which  is  now  expressed  for  our  pur¬ 
poses  here  as 

g,(10,2)  *  min  (k|  +  £*((10  -  z*),  2)}. 

Hence,  to  p'-oceed  we  run  z,  over  the  values  of  0,  1,2,...,  10  and  look  for  the  minimum.  It  occurs  at  the 
value  o^  z*  *  3  lb,  and  we  find 

6?(3)  +-£,( 7,2)  »  0.1  +  0.056  -  0.156. 

Therefore,  we  see  that  a  V|b  warhead  is  fired  at  the  third  target  and  the  remaining  7  lb  at  the  first  two 
targets,  making  up  10  lb.  This  means  that  the  final  optimal  allocation  is 

(*u.  *t*»  *».  *t+  *ss)  “  (1,3  0,0, 1,1) 

or  the  Blue  antitank  weapon  fires  a  2-lb  projectile  at  the  Red  truck,  a  2-lb  projectile  at  the  Red  APC, 
and  the  Blue  recoillesa  rifle  fires  two  3-lb  projectiles— one  at  the  Red  AI C  and  one  at  the  Red  tank. 
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Examining  the  structure  of  the  calculations  in  Table  32-T  however,  it  is  readily  seen  that  we  have 
actually  solved  many  simpler  tvpes  of  problems  in  the  process.  For  example,  we  hav  e  solved  the  prob¬ 
lem  of  2  targets  (index  1  and  2).  two  Blue  weapon  types,  and  a  total  weight  constraint  of  7  lb.  The  op¬ 
timal  policy  for  this  problem  is  vven  in  Table  32-7.  Furthermore,  if.  for  example,  one  is  interested  in 
the  same  targets  and  two  weapon  types,  but  with  a  total  weight  constrain:  of.  say.  9  lb,  then  £,(9.2) 
must  be  computed.  For  this  example.  £,(9.2)  =  0.168,  and  the  optimal  policv  is  {1.2.0. 0.0.1). 


32-6  A  LINEAR  PROGRAMMING  FORMULATION  OF  A  WEAPON-TARGET 
ALLOCATION  PROBLEM 


.As  we  have  seen,  practically  all  problems  in  allocating  weapons  to  targets  in  some  optimal  manner 
involve  the  application  of  mathematical  programming  principles  since  we  are  searching  for  maxima  or 
minima  subject  to  certain  constraints.  In  connection  with  cost-effectiveness  analyses  conducted  some 
years  ago  at  the  USA  Ballistic  Research  Laboratories,  Sacco  and  Masaitis  (Ref.  10),  and  O'Neill. 
Sacco,  and  Westerman  (Ref.  1 1 )  developed  a  weapon-target  allocation  mode!  of  some  practical  impor¬ 
tance.  The  tv  pical  problem  they  covered  was  expressible  in  terms  of  standard  linear  programming 
principles  and  was  formulated  as  follows.  Let: 

7j  =  _/th  Red  target  class,  referring  to  type  of  target,  size,  and  location 
■  fj  ■-  number  of  targets  in  the^ith  Red  target  class 
B,  =  number  of  rounds  (or  sorties)  available  for  the  ith  type  of  Blue  weapon.  (This  may  be  a  com¬ 
bat  day  of  expenditure.) 

ru  =  number  of  rounds  (sorties)  of  ammunition  required  to  defeat  the  jth  Red  target  with  the  ith 
Blue  weapon 

Xfj  =  number  of  targets  in  the  jth  Red  w  ss  of  a  single  threat  assigned  to  the  ith  Blue  weapon 
i  *  1 ,  2,  . . . ,  B  as  before 
j  -  1 ,  2, ....  R  as  before. 

The  problem  developed  by  Sacco  and  Masaitis  (Ref.  10),  and  O'Neill.  Sacco,  and  Westerman  (Ref. 
11 )  is  that  of  finding  the  maximum  number  of  times  K  (not  necessarily  an  integer)  that  the  Red  target 
threat  can  be  defeated  for  the  available  supply  of  ammunition.  It  becomes  clear  that  this  problem  can 
bo  stated  mathematically  as  that  of  finding  the  allocations  x,h  which  maximize  the  quantity  k,  subject 

to: 

^(rnxu  +  ritxu  +  •  •  •  +  rlKxlK)  Z  Bt 
+  ruxK  +  ■  •  •  +  rtHxtR)  ^  Bt 


K(rBlxBl  +  <rBtxBt  +  •  ’  •  +  ^BBxBlt)  ^  &B 


*11  +  *1*  +  "  *  +  *1*  "  /l 

**!  +  xSt  +*•*■+  xtH  m  ft 


(32-69) 


*#»  +  *«+•••+*»**  fn 


.37-32 


xu  ^  0. 
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The  authors  (Refs.  10  and  1 1)  suggest  the  use  of  "slack"  variables  L:  to  replace  the  top  half  of  Eq.  32- 
69,  or  the  inequalities,  by  equalities  expressed  as: 

K(rnxn  +  rx2xx2  +  •  -  •  +  rXR: xXR  +  Lx)  =  Bx 

K{rixxtl  +  ruxn  +  ■  ■  ■  +  r2Rx2R  +  Lt)  -  B2 


K{tBixbx  +  rB2xBi  +•'.•+  rBRxBR  +  LB)  -  Bb  . 


Instead  of  maximizing  the  quantity  Af,  it  is  clear  that  we  may  minimize  1/A' or,  using  the  first  equa¬ 
tion  of  Eq.  32-70,  this  means  finding  the  minimum 


min  (rxxxxx  4-  r,2xl2  4-  -  -  4-  rXRxlR  +  Lx)/Bx 
*1/ 

subject  to 

Bt(r2lx2l  +  r» xn  +■•.•+  r2Rx2R  4-  Lt)  =  Bt{rnxn  4-  H - 4-  rXRxlR  4-  Lx) 

B,(rtlxlt  4-  rux„  .+  •■  •  +  rtRx»R  +  U)  =  Bt(ruxlx  4-  rX2xlt  +  •••  +  rXRxXR  4-  Lt) 

Bx{tbxxbx  4-  rB2xB2  4--  ••  4-  rBRxBR  +  L„)  =  BB(rxxxxx  +  rx2xlt  +■•■+  rXRxXR  4-  Lx) 


(32-71 ; 


(32-72) 


and  the  R  equalities  of  Eq.  32-69,  where  we  used  the  common  K of  Eq.  32-70  to  obtain  the  first  (B  -  1 ) 
equations  (Eq.  32-72).  In  summary,  and  using  matrix  notation,  this  means  simply  that  we  are  to  find 
the  x„  such  that  Eq  32-71  holds,  or  is  a  minimum,  'ubject  to  the  linear  equations 

MJW  *  l*],  x„Z  0  (32-73) 

where 

[jrJr  **  1*11,  Xu, . . . ,  *1*,  Lx, . . .,  xBX,Xto,. . .  ,xBR,  Lb]  (32-74) 

is  the  row  vector  of  unknowns  to  be  solved  and 

(*]r  -  (0,0,...,  0,/,,/* (32-75) 

is  the  row  vector  of  constants,  there  being  (5-1)  zeros  and  R  of  the },' s.  The  coefficient  matrix  [A]  is 
given  by 

M)  M:  (32-76) 

The  values  of  K  and  those  of  the  x„  are  not  restricted  to  integers.  The  elements  r„  of  the  coefficient 
matrix,  which  give  the  number  of  rounds  from  the  tth  Blue  type  weapon  required  to  defeat  the _/th  Red 
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target,  may  be  found  for  many  targets  and  weapons  as  listed  in  the  Joint  Munitions  Effectiveness  Manual 
(Ref.  12). 

Hence,  and  bv  way  of  summary,  this  tvpe  of  weapon-target  allocation  problem  involving  Eq.  32-71, 
subject  to  Eq.  32-73,  reduces  to  a  standard  linear  programming  problem,  the  algorithms  of  which  may 
be  found,  for  example,  in  the  book  of  Gass  (Ref.  13). 

32-7  RANDOM  TARGET  ALLOCATION  AND  THE  HOMOGENEOUS  POINT 
FIRE  MODEL 

In  this  chapter  our  primary  discussion  was  on  the  “optimum”  allocation  of  weapons  of  specific 
capability  to  targets  they  are  most  capable  of  attacking.  Except  for  Eqs.  32-6  and  32-7,  this  did  not 
cover  random  selection  or  allocation  of  weapons  to  targets,  as  will  often  be  the  case.  1  herefore.  we 
believe  it  desirable  to  close  out  this  chapter  by  discussing  briefly  something  more  about  the  random 
allocation  of  weapons  to  targets.  This  will  be  done  for  uniform  random  allocation — or,  that  is,  equally 
likely  assignment— of  weapons  against  targets  for  the  case  of  homogeneous  forces.  The  case  of  assign¬ 
ment  of  weapons  to  targets  otherwise  discussed  in  this  chapter  should  be  considered,  of  course,  to  in¬ 
volve  heterogeneous  forces  anyway.  Thus,  it  does  not  make  sense  to  fire  rifles  at  tanks,  for  example,  nor 
is  it  necessary  to  shoot  a  tank  or  artillery  projectile  at  a  single  infantryman.  In  fact,  it  can  be  seen  that 
between  homogeneous  forces  random  firing  may  indeed  make  much  sense,  except  especially  for  those 
situations  where,  for  example,  particular  targets  at  the  closer  combat  ranges  necessarily  deserve  and 
are  given  the  highest  priorities  for  firing.  In  what  follows,  v/e  will  discuss  briefly  the  homogeneous  point 
fire  model  of  Karr  (Ref.  14)  which  has  to  do  with  a  class  of  binomial  attrition  processes,  and,  ip  fact, 
one  may  obtain  simple  expressions  for  the  expected  number  of  enemy  casualties  or  kills  and  also 
chances  that  the  number  of  kills  wilt  be  equal  to  selected  or  prespecified  numbers. 

In  the  formulation  of  Karr  (Ref.  14),  he  considered  a  “one-sided”  combat  between  two  opposing  ho¬ 
mogeneous  forces,  e  g.,  riflemen  or  tanks,  where  a  force  of  3  Blue  indistinguishable  “searchers”  seek 
out  and  fire  upon  a  force  of  R  Red  indistinguishable  “targets”.  The  assumptions  he  makes  concerning 
the  combat  situation  are: 

1 .  By  some  fixed  time,  all  R  Red  targets  become  vulnerable  to  detection  and  attack  by  the  B  Blue 
searchers. 

2.  The  probability  that  any  Blue  searcher  detects  any  Red  target  is  fa,  and  each  particular  Blue 
searcher  detects  a  different  Red  target  independent  of  one  another. 

3.  A  Blue  searcher  who  makes  no  detection  makes  no  attack,  and  a  Blue  searcher  who  makes  one  or 
more  detections  chooses  one  target  to  attack  randomly  according  to  a  uniform  distribution  over  the  set 
of  targets  he  has  detected,  independent  of  his  detection  process. 

4.  The  conditional  probability  that  a  Blue  searcher  kills  a  Red  target,  given  detection  and  attack,  is 
p,,„  for  all  Blue  searchers  and  Red  targets. 

5.  No  Blue  searcher  may  attack  more  than  one  Red  target. 

6.  The  target  detection  and  attack  process  of  different  Blue  searchers  are  mutually  independent. 

With  these  assumptions  and  the  uniform  random  allocation  of  Blue  firers  against  Red  targets,  Karr 

(Ref.  1 1)  shows  that  the  expected  number  £(/?»)  of  Red  targets  killed  is  given  by  the  relatively  simple 
expression 

E{Rk)  "  *(l  -  {l  -  il  “  (1  -  <32-77> 

•Apparently,  this  relation  was  originally  suggested  or  worked  out  by  LTG  Clew*  A  Kent,  USAF  srj  later  proven  rigorously 
by  Karr  (Ref.  14). 
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When  the  chance  of  detection  pd  is  zero,  the-i  Er;  32-77  reduces  to 

E{Rk)  =  0  (32-78) 

! 

as  one  would  expect,  and  when  pd  =  1,  then  Eq.  32-77  reduces  to 

E(Rk)  =  R{  1  -  (1  -  P,tk/R\B\  (32-79) 

*  *(1  -  e\p(—Bpisk/R)l  (32-80) 

when  p,,k/R  is  suitably  small. 

Karr  (Ref.  14)  also  shows  that  the  chance  that  the  number  of  Red  kills  is  exactly  equal  to,  say,  a  is 

Rr(R*  -  «)  =  O  £(-l)a-'(?)[(l  -  Q)  +  iQJR]B  (32-81) 

t  -  I 

where 

Q  =  P..AI  -  (1  ~  p„)B].  (32-82) 


Karr  (Ref.  14)  also  extends  this  type  of  model  to  the  case  of  applications  to  heterogeneous  forces,  or 
the  "heterogeneous  point  fire  model”,  and  to  an  area  fire  model.  We  will  not  go  into  such  matters  any 
further  here,  however. 

32-8  SUMMARY 

We  have  introduced  the  problem  of  allocating  weapons  to  targets  in  order  to  improve  the  effec¬ 
tiveness  of  weapons  on  the  basis  of  worth,  potential  threat,  logistic  effort,  or  other  considerations.  The 
treatment  of  weapon-target  allocation  problems  involves  operations  research  techniques  such  as  math¬ 
ematical  programming  (particulary  the  dynamic  programming  principles  of  Bellman),  linear  pro¬ 
gramming  techniques,  Lagrange  multipliers,  and  other  useful  analytical  tools.  Weapon-target  alloca¬ 
tion  models  are  very  valuable  and  should  be  applied  to  problems  of  the  weapon  systems  analyst — 
especially  in  planning  for  the  fielding  of  optimum  families  of  weapons  to  be  used  in  combat. 

It  is  realized  that  weapon-target  allocation  problems  cannot  often  be  handled  in  a  combat  environ¬ 
ment,  although  the  methodology  may  be  of  considerable  importance  for  logistic  planning  purposes, 
minimization  of  costs  of  weapons  to  perform  intended  tasks,  the  study  of  families  of  weapons  and  how 
they  fit  together,  the  prudent  use  of  weapons  in  the  field,  and  a  host  of  other  considerations. 

A  sufficient  number  of  examples  are  given  to  illustrate  some  typical  applications. 

The  analyst  may  extend  his  knowledge  in  various  or  desirable  directions  by.  studying  thoroughly  the 
References  and  the  Bibliography. 
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CHAPTER  33 

INTRODUCTION  TO  HUMAN  FACTORS 
AND  WEAPON  SYSTEMS  ANALYSIS  INTERFACE  PROBLEMS 

Since  humans  operate,  perform  with,  and/or  maintain  weapons  or  weapon  systems,  human  factors  and  human 
engineering  considerations  become  an  important  part  of  the  overall  system  to  be  evaluated — especially  from  the  stand¬ 
point  of  maximizing  effectiveness  and  establishing  training  requirements.  Although  there  is  some,  overlap,  it  seems 
desirable,  nevertheless,  to  define  and  discuss  human  engineering,  human  performance,  and  human  reliability  somewhat 
separately  insofar  as  weapon  systems  analysis  is  concerned.  This  leads  to  the  discussion  of  typical  problems  and  exam¬ 
ples  the  analyst  might  possibly  face  in  his  evaluations.  This  introduction  to  the  human  factors  role  in  the  field  of  weapon 
systems  analysis  hopefully  should  serve  to  give  the  young  analyst  a  start  in  the  direction  of  appreciating  the  importance  of 
human  factors  and  human  engineering  interface  problems. 

33-0  LIST  OF  SYMBOLS 

C  =  high  explosive  charge  weight 
E  =  effectiveness  of  weapon  system 
m  -  measure  of  the  soldier’s  proficiency 
m  =  mean  value 

P  -  percent  targets  detected,  or  probability  of  detecting  a  target 
t  =  parameter  describing  tactical  employment  capability 
/  =  time  variable  or  parameter 
v  -  variance 

W  =  weight  of  metal  casing 
w  =  inherent  capability  of  the  weapon 
0  =  parameter  of  the  exponential  distribution 
a  -  y/ai  +  <ri 

i rD  -  standard  deviation  in  deflection  for  grenades 

an  =  standard  deviation  in  range  for  grenades 

ax  =  round-to-round  standard  deviation  in  range 

oy  =  round-to-round  standard  deviation  in  deflection 

<r„  »  standard  deviation  of  C  of  I  (aiming  error)  in  range  direction 

a,  =  standard  deviation  of  C  of  I  (aiming  error)  in  deflection  direction 

33-1  INTRODUCTION 

Considerations  of  the  man  and  his  interface  with  a  weapon  system  have  to  be  very  important  factors 
in  analyzing  the  potential  effectiveness  of  the  weapon  system.  Every  new  successor  weapon  system 
should  be  better  than  its  predecessor,  and  hopefully  we  should  be  able  to  predict  the  performance  of 
each  weapon  in  the  field  or  its  potential  under  combat  conditions.  In  order  to  evaluate  weapon  systems 
properly,  we  must  know  accurately  what  human  performance  contributes  to  system  effectiveness  and 
bring  about  any  needed  training  of  personnel  in  the  fielding  of  any  weapon  or  weapon  system. 

Weisz  (Ref.  1 )  gives  a  most  appropriate  description  of  the  man-weapon  interface  problem  in  weapon 
systems  analyses,  and  we  quote  him  here: 
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“No  weapon  system  analysis  can  be  considered  valid  unless  it  includes  the  contribution  of  a  very  im¬ 
portant  component,  namely,  “man”,  as  part  of  the  system.  Man’s  contribution  to  the  performance  of  the 
weapon  can  either  enhance  or  degrade  its  performance,  depending  on  whether  or  not  his  capabilities 
and/or  limitations  were  appropriately  considered  in  the  first  place  as  part  of  the  initial,  total  system 
concept.  A  growing  body  of  literature  is  slowly  being  assembled  and  methodologies  developed  which,  if 
properly  utilized,  will  materially  assist  system  analysts  in  conducting  their  analyses  throughout  the  life 
cycle  of  a  weapons  system. 

“Most  of  the  research  supporting  this  human  factors  field  is  being  conducted  in  the  behavioral 
sciences  and  human  factors  engineering  fields  utilizing  experimental  methodology  and  multi-variable 
statistical  techniques  drawn  from  experimental  psychology.  Operation  research  techniques  have  also 
been  added  to  the  list  of  tools  which  human  factors  researchers  are  using  in  performing  their  portion  of 
a  given  weapon  system  analysis.  There  is  at  present  no  single  comprehensive  reference  source  which  at¬ 
tempts  to  describe  and  pull  together  all  the  techniques  and  methods  which  have  been  Utilized  in  this 
field. 

“There  are  at  least  four  areas  to  be  considered  in  an  analysis  of  a  system  or  systems  to  which  the 
field  of  human  factors  can  make  contributions : 

“ Manpower  Requirements 

Manpower  is  a  critical  commodity  and  thus  needs  to  be  considered  on  all  proposed  system  concepts 
in  terms  of  the  number  of  personnel  to  be  used  and  the  skill  levels  of  the  personnel  required  to  operate 
and  maintain  the  system.  These  inputs  can  be  expressed  in  quantitative  and  qualitative  terms  and  in 
the  monetary  cost  for  each  competing  system  concept  being  analyzed.  If  special  skills  are  required, 
whether  there  are  a  sufficient  number  of  such  personnel  available  to  the  Army  becomes  an  extremely 
important  question  which  must  be  considered  in  the  analysis. 

“  Training  Requirements 

How  difficult  will  it  be  and  how  much  will  it  cost  to  train  operating  and  maintenance  personnel  for  a 
proposed  system?  Will  it  be  easier  and  thus  less  costly  to  train  personnel  on  one  competing  system 
compared  to  another? 

“ Performance  Requirements 

Can  personnel  perform,  and  how  effectively  can  they  perform,  the  duties  required  to  operate  a 
system?  Are  the  capabilities  (auditory,  visual,  physical  strength,  judgment,  etc.)  of  the  operating  per¬ 
sonnel  used  appropriately  in  the  system?  What  is  the  error  potential  of  the  man  component  of  the 
system  as  differentiated  from  the  equipment  error  potential  ?  The  error  potential  of  man  can  usually  be 
determined  and  expressed  quantitatively. 

“The  contribution  of  man  to  system  performance  must  always  be  considered  in  the  particular  envi¬ 
ronment  in  which  the  system  will  be  utilized.  Thus  such  environmental  conditions  as  dust,  heat,  cold; 
fog,  mud,  noise,  blast,  smoke,  etc.,  must  be  considered  insofar  as  they  affect  the  man  doing  his  tasks  as 
part  of  total  system  operation.  Obviously,  total  system  functioning  or  its  effectiveness  will  be  influ¬ 
enced  directly  or  indirectly  by  the  degree  that  these  conditions  affect  man’s  performance.  Providing 
quantitative  data  with  regard  to  how  seriously  these  environmental  aspects  affect  man’s  performance 
comprises  part  of  the  contribution  which  human  factors  thinking  can  make  to  a  specific  system 
analysis. 

“ System  Design 

A  large  bulk  of  human  factors  data  is  available  in  the  area  of  human  factors  engineering  where  the 
main  objective  is  to  provide  assistance  to  designers  of  displays,  controls,  layouts  of  crew  work  areas  and 
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operator  compartments,  etc.  Analyses  of  how  various  design  approaches  in  these  areas  will  affect 
system  effectiveness  can  usually  be  made  throughout  the  development  process  of  a  particular  system. 

"Although  human  factors  contributions  have  not  been  treated  here  in  their  entirety,  it  is  clear  that 
the  area  of  human  factors  should  definitely  be  included  but  not  treated  separately  from  other  areas 
presently  embraced  in  the  system  analytic  thinking  process.  Since  man  is  an  integral  part  of  the  total 
system,  his  contributions  must  be  included  each  and  every  time  that  such  areas  as  system  performance, 
system  effectiveness,  system  dependability,  system  reliability,  system  capability,  and  cost  effectiveness  are  c  jnsidered. 
The  LS  Army  Human  Engineering  Laboratories  (HEL)  have  shown  that  man’s  contributions  can  be 
determined  and  expressed  quantitatively  as  accurately  as  most  of  these  other  factors. 

“Human  factors  personnel  are  unanimously  in  agreement  that,  if  the  man-component  variable  is  in¬ 
troduced  early  into  pre-development  system  analytic  thinking  and  then  appropriately  considered  in 
the  actual  design  process,  tremendous  savings  in  time  and  money  will  usually  result.  In  addition,  the 
Army  R  &  D  manager  will  have  more  complete  and  more  valid  information  available  to  him  for 
decision-making  purposes.” 

Man  has  often  been  looked  upon  as  one  of  the  primary  components  of  a  complete  weapon  system, 
and  his  interface  with  the  weapon  or  weapon  system  he  employs  may  likely  strike  the  balance  between 
success  and  defeat  in  a  battle.  I  is  a  very  natural  approach  for  the  analyst  to  identify  each  anticipated 
source  of  variation  in  the  expected  performance  of  the  weapon  system,  to  estimate  the  relative  sizes  of 
the  components  of  variation,  and  to  find  their  effect  on  predicted  overall  system  performance.  Should  it 
turn  out  that  the  man  is  contributing  too  large  a  component  of  variation  toward  expected  system  per¬ 
formance,  then  further  training  of  the  soldier,  or  operator,  may  be  indicated,  or  perhaps  the  improved 
design  of  weapons  will  be  made  mandatory.  Otherwise,  it  becomes  important  to  estimate  the  size  of 
natural  human  variations  which  may  be  involved  in  operation  of  a  weapon  system,  and  to  take  such 
amounts  of  variability  into  account  in  effectiveness  studies.  Personal  equipment — such  as  the  helmet, 
body  armor,  clothing,  shoes,  and  communication  equipment — must  be  compatible  with  the  military 
personnel  who  use  it.  In  addition,  for  example,  pilots  of  helicopters  and  aircraft  have  special  interface 
problems  to  meet  in  connection  with  the  complex  equipment  they  operate.  Thus,  such  considerations 
as  we  have  enumerated  bring  for  ard  three  important  areas  of  interest  concerning  human  factors 
which  the  weapon  systems  anal-  it  must  take  into  account,  namely: 

1.  Human  engineering 

2.  Human  performanc- 

3.  Human  reliability. 

In  this  chapter,  we  will  discuss  some  evaluations  of  these  in  turn  and  thereby  introduce  the  analyst 
to  some  of  the  aspects  of  each  type  of  human  factors  problem. 

33-2  GENERAL  DEFINITIONS  AND  SOME  GUIDELINES 
33-2.1  HUMAN  ENGINEERING 

Historically  human  engineering  has  been  defined  as  the  study  of  interface  problems  between  man 
and  machine.  Engineering  can  be  said  to  be  the  process  of  planning,  designing,  fabricating,  produc¬ 
ing,  and  testing  things — such  as  a  rifle,  a  vehicle,  a  tank,  or  a  weapon.  The  human  engineer  represents 
the  user  of  equipment  with  regard  to  ease  of  operation,  maintenance,  safety,  comfort,  etc.,  and  in  his 
role  evaluates  man  as  a  system  component  and  his  contribution  or  relation  to  the  whole  system.  The 
human  engineer  plays  an  important  role  in  product  and  system  design.  Accordingly,  it  is  necessary 
that  he  contribute  to  the  selection  among  alternatives  to  system  design  so  that  the  most  appropriate 
piece  of  equipment  for  use  in  the  field  will  become  available.  For  many  new  systems,  the  engineering 
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process  of  study  is  rather  highly  conceptual,  and  the  experienced  human  eng  neer  is  perhaps  needed 
here  very  critically. 

A  fairly  complete  and  comprehensive  treatment  of  human  engineering  guidelines  tc  equipment 
design  is  that  of  Ref.  2.  This  book  was  prepared  under  the  sponsorship  of  a  Joint  Army-Navy- Air  Force 
Steering  Committee,  and  the  various  chapters  include  topics  on: 

1.  System  and  Human  Engineering  Analyses 

2.  Man  as  a  System  Component 

3.  Visual  Presentation  of  Information 

4.  Auditory  and  Other  Sensory  Forms  of  Information  Presentation 

5.  Speech  Communication 

6.  Man-Machine  Dynamics 

7.  Data  Entry  Devices  and  Procedures 

8.  Design  of  Controls 

9.  Design  of  Individual  Workplaces 

10.  Design  of  Multi-Man-Machine  Work  Areas 

11.  Engineering  Anthropology  , 

12.  Design  for  Maintainability 

13.  Training  System  Design 

14.  Training  Device  Design 

15.  Human  Engineering  Tests  and  Evaluation. 

The  various  chapters  were  written  by  selected  authorities  in  the  fields  of  interest. 

There  exists  also  a  military  standard  (Ref.  3)  on  human  engineering  design  criteria  for  military 
systems,  equipment,  and  facilities.  The  purpose  of  this  military'  standard  is  to  present  human  engineer¬ 
ing  design  criteria,  principles,  and  practices  to  achieve  mission  success  through  integration  of  the 
human  into  the  system,  subsystem,  equipment,  and  facility,  and  achieve  effectiveness,  simplicity,  ef¬ 
ficiency,  reliability,  and  safety  of  system  operation,  training,  and  maintenance.  The  standard  is  ap¬ 
plicable  to  the  design  of  all  systems,  subsystems,  equipment,  and  facilities  and  is  apparently  intended 
to  cover  humans  who  are  between  the  5th  and  95th  percentile  body  dimensions.  Applicable  body 
dimensions  are  those  dimensions  which  are  design-critical  to  the  operation,  manipulation,  removal,  or 
replacement  tasks  involved. 

33-2.2  HUMAN  PERFORMANCE 

Human  performance  usually  is  taken  to  mean  a  quantitative  measure  of  the  degree  to  which  an  in¬ 
dividual  is  capable  of  operating  with  the  equipment.  It  should  be  recognized  that  individuals  /ary  in 
capability  and  that  the  assessment  of  such  variability  may  be  of  importance  insofar  as  weapon  system 
operation  is  concerned.  As  examples,  we  may  desire  to  know  just  how  well  a  soldier  can  sight  or  aim  a 
rifle,  how  accurately  he  can  throw  a  hand  grenade,  or  how  well  can  he  aim  and  fire  a  machine  gun,  an 
artillery  piece,  etc.  Also,  when  we  consider  that  for  many  pieces  of  equipment  or  weapon  systems  the 
human  operator  may  in  effect  be  a  component  of  the  whole  system,  then  his  performance  in  terms  of 
variability  has  to  be  considered  and  estimated  along  with  other  variations  or  errors  that  affect  system 
performance. 

33-2  J  HUMAN  RELIABILITY 

Human  reliability  might  be  considered  by  many  to  be  perhaps  a  part  of  or  includable  in  human  per¬ 
formance,  and  indeed  it  could  be  so  argued.  However,  there  is  the  tendency  in  recent  years  to  break  out 
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separately  the  concept  of  human  reliability,  and  indeed  this  can  often  amount  to  a  very  pertinent  treat¬ 
ment  in  view  of  the  recent  marked  advancer,  for  the  field  of  reliability  analyses  in  general.  A  simple  con¬ 
cept  of  reliability  might  be  the  proportion  of  errors  a  soldier  would  make  in  handling  or  using  a  piece  of 
equipment  or  a  weapon,  Or  it  might  be  the  “mean  time  in  battle”  until  fatigue  occurs  for  the  soldier. 
Also  humans  come  into  the  picture  in  the  maintenance  of  systems  so  that  they  will  be  ready  once  a  de¬ 
mand  is  placed  upon  them  to  operate,  fire,  etc.  Thus,  the  fraction  of  the  time  the  system  is  “up”  and 
ready  to  start  a  mission  may  become  very  important  (it  being  a  measure  of  availability),  and  the  degree 
of  maintainability  by  individuals  would  become  a  study  of  human  reliability,  so  to  speak.  Thus,  in 
many  problems  it  may  be  advisable  to  study  human  reliability  separately  from  the  concept  of  perform¬ 
ance  in  order  to  give  proper  emphasis  to  the  new  field.  Moreover,  the  principles  developed  in  Chapter 
21,  Part  One,  of  this  handbook  would  be  applicable  to  the  analysis  of  many  problems  of  human 
reliability. 

We  will  illustrate  each  of  these  areas  in  turn,  although  first  we  consider  an  early  example,  which  bor¬ 
ders  on  both  human  engineering  and  human  performance.  It  concerns  a  1952  Ballistic  Research  Labo¬ 
ratories  (BRL)  study  of  hand  grenades  and  an  analysis  of  the  ability  of  soldiers  to  throw  them,  in  order 
to  select  an  optimum  grenade. 

33-3  AN  EARLY  EXAMPLE 

Throughout  World  War  II,  the  Army  retained  the  old  Mk  II  hand  grenade,  an  egg-shaped,  serrated, 
and  heavy  grenade,  weighing  22  oz.  The  serrated  fragments  were  large,  but  small  in  number,  whereas 
terminal  ballistic  research  during  World  War  II  indicated  that  lethality  could  be  improved  with  a 
design  calling  for  much  smaller,  although  higher  velocity  fragments.  Also,  it  was  realized  that  the 
throwing  accuracy  of  the  soldier  should  be  determined  and  taken  into  account  in  any  effort  toward 
developing  a  new  hand  grenade.  Thus,  it  is  easily  seen  that  in  the  early  1 950’s  the  Army  was  faced  with 
a  human  engineering  and  a  human  performance  problem,  and  indeed  both  should  be  taken  into  ac¬ 
count  in  efforts  to  develop  any  new  hand  grenade.  In  fact,  some  thought  that  a  spherical  and  lighter 
grenade  could  be  developed  which  cOuld  be  thrown  farther  than  the  Mk  II  and  more  accurately. 
Others  thought  that  the  surface  finish,  whether  smooth  or  rough,  might  have  an  important  effect. 
Another  thoughtful  person  argued  that  the  grenade  should  be  much  like  a  baseball,  because  of  the  pop¬ 
ular  American  sport!  Obviously,  this  presented  a  good  opportunity  to  design  and  carry  out  an  ap¬ 
propriate  experiment  for  studying  human  performance  in  throwing  the  grenade  and  to  clear  up  the 
human  engineering  problem  of  hand  grenade  size,  weight,  and  shape.  The  BRL  decided  consequently 
to  approach  the  problem  from  an  overall  or  system  concept,  the  man  being  an  important  system  “com¬ 
ponent  ”,  and  to  cond  ict  a  good  weapon  system  analysis  to  recommend  the  optimum  hand  grenade. 

A  preliminary  analysis  indicated  that  the  optimum  shape  for  lethality  effects  would  be  spherical  and 
that  some  six  different  types  of  grenades,  covering  three  different  weights  and  four  different  diameters, 
should  be  considered  in  the  study.  The  physical  features  of  the  six  types  of  grenades  are  given  in  Table 
33-L 

In  view  of  the  fact  that  accuracy  of  throwing  is  a  very  important  characteristic  of  hand  grenades,  it 
became  necessary  to  conduct  throwing  tests  involving  the  proposed  grenades  in  order  to  evaluate  this 
factor  rather  extensively.  For  the  throwing  tests,  it  was  decided  to  conduct  a  program  which  would  in¬ 
volve  the  given  six  types,  but  would  also  include  some  smooth  surface  grenades  and  some  rough  surface 
grenades  of  the  same  type,  the  old  standard  Mk  II  grenade,  and  in  addition  the  “Beano”  grenade  ex¬ 
perimented  with  during  World  War  II.  The  (inert)  grenades  selected  for  the  throwing  tests  were  iden¬ 
tified  by  code  letter  and  had  the  various  characteristics  outlined  in  Table  33-2. 
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TABLE  33-1.  PHYSICAL  DESCRIPTION  OF  TEST  GRENADES 


Wt  of  Grenade, 

% 

Fragment 

velocity. 

Average 

density, 

Volume, 

Diam, 

OS 

C/W* 

Explosives 

ft/s 

g/cnt* 

cm* 

in. 

8 

0.327 

25 

4250 

3.99 

56.9 

K88 

8 

1.00 

50 

6530 

2.66 

85.4 

2.15 

12 

0.327 

25 

4250 

3.99 

85.4 

2.15 

12 

1.00 

50 

6530 

2.66 

128.0 

2.47 

18 

0.327 

25 

4250 

3.99 

128.0 

2.47 

18 

1.00 

50 

6530 

2.66 

192.0 

2.82 

*C/  W  =  charge  to  metal 

weight  ratio 

. 

TABLE  33-2.  CHARACTERISTICS  OF  ELEVEN  TEST  GRENADES 


Code  Mari,  or 

Surface 

Let  No. 

Ave.Wt, 

Std.  Dev. 
ofWt, 

Ave.  Diam, 

Std.  Dev.  of 
Ave.  Diam, 

Assigned  Letter 

Finish 

PA-E- 

OS 

OS 

in. 

in. 

C 

Rough 

7037 

8.01 

0.07 

1.98 

0.00 

D 

Rough 

7038 

8.02 

0.09 

2.23 

0.01 

H 

Smooth 

7039 

8.04 

0.06 

2.23 

0.01 

G 

Rough 

7040 

12.04 

0.08 

2.27 

0.01 

A 

Rough 

7041 

11.94 

0.16 

2.57 

0.02 

B 

Smooth 

7042 

12.19 

0.10 

2.59 

0.00 

I 

Rough 

7043 

18.24 

0.22 

2.61 

0.01 

E 

Rough 

7044 

18.15 

0.20 

2.86 

0.01 

F 

Smooth 

6247 

17.95 

0.10 

2.85 

0.01 

f  (Beano) 

Smooth 

— 

12.00 

Unit. 

2.95 

Unit. 

K  (MltH) 

Serrated 

Unit. 

22.00 

Unit. 

... 

Unit. 

*Letters  assigned  randomly  to  grenades  for  the  test  design. 


The  nine  experimental  types  of  hand  grenades  (first  nine  in  Table  33-2)  had  a  “pip”  on  their 
spherical  surface  so  that  they  could  be  oriented  in  the  hand  of  the  thrower  to  simulate  the  fuze  which 
would  probably  be  developed,  but  did  not  have  fuze  handles  since  the  exact  type  of  fuzing  was  not 
known  at  the  time  and  was  not  considered  to  be  of  great  importance  for  the  throwing  tests.  The  stand¬ 
ard  Mk  II  (inert)  fragmentation  hand  grenade  was  loaded  with  a  filler  equivalent  in  density  to  that'  of 
TNT,,  and  the  fuze  handle  was  used  on  this  grenade  since  the  combat  soldier  was  accustomed  to  this 
conventional  type.  It  was  necessary  to  throw  the  “Beano”  grenades  without  simulated  fuzes,  i.e.,  the 
fuze  wells  were  covered  with  tape. 

It  was  decided  that  the  (inert)  grenades  would  be  thrown  from  three  positions — i.e.,  prone,  kneel¬ 
ing,  and  standing— and  for  four  different  ranges  consisting  of  20  yd,  30  yd,  40  yd,  and  maximum  range. 
Thus,  combinations  of  throwing  positions  and  ranges  consisted  of  four  in  number  and  were  as  follows: 
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The  grenade  thrower  was  allowed  to  throw  the  grenades  in  any  manner  he  considered  best  for  him¬ 
self;  therefore,  the  method  or  manner  of  throwing  was  not  restricted  to  being  “standard”.  For  the 
kneeling  position,  it  was  specified  that  the  grenade  thrower  should  keep  at  least  cpe  knee  on  the 
ground.  For  the  standing  position-maximum  range,  a  stake  was  placed  at  60  yd  from  the  throwing 
position  and  the  grenade  thrower  was  instructed  to  throw  the  grenade  toward  the  stake,  but  at  the 
same  time  to  throw  as  far  as  he  could  (i.e.,  the  purpose  of  the  stake  was  only  to  establish  a  well-defined 
direction  of  throwing).  During  practice  periods  of  the  throwing  tests,  it  was  noticed  that  the  grenade 
thro  ers  exhibited  considerable  difference  in  technique  for  the  prone  position,  some  arising  almost  to 
the  kneeling  position  as  the  grenade  left  their  hand.  Because  of  this,  it  was  specified  that  in  throwing 
from  the  prone  position  a  grenade  thrower  must  not  in  any  way  come  to  a  position  approximating  the 
kneeling  position. 

Before  throwing  each  of  the  different  types  of  grenades  for  record,  the  grenade  throwers  were 
allowed  a  preliminary  practice  period  in  order  to  get  the  “feel”  of  the  particular  type  of  grenade  they 
were  about  to  throw.  When  throwing  the  grenades  for  record,  all  throws  counted  unless  the  thrower  in¬ 
dicated  that  he  had  a  legitimate  alibi  and  that  the  deficiency  of  a  particular  throw  was  his  own  and  not 
a  fault  of  the  grenade.  Actually,  no  “alibis”  were  made  or  recorded  during  the  entire  throwing  test. 

In  the  throwing  tests,  stakes  driven  in  the  ground  were  used  as  targets.  These  stakes  were  placed  in 
the  direction  of  throw  at  distances  of  20  yd,  30  yd,  40  yd,  and  60  yd.  After  each  throw,  two  observers 
noted  the  position  at  which  the  r  renade  first  impacted  on  the  ground  and  measured  the  deviation  of  the 
impact  from  the  stake  in  both  the  range  and  deflection  dilutions.  (The  point  of  first  impact  with  the 
ground  was  selected  because  it  was  understood  that  the  fuzing  system  for  the  new  grenade  would  in¬ 
volve  an  impact  element  and  the  grenade  would  detonate  on  first  coming  into  contact  with  the 
ground.)  Also,  the  grenade  throwers  were  asked  to  comment  on  each  of  the  types  of  grenades  tested, 
giving,  for  example,  their  opinion  on  ease  of  handling,  size,  weight,  or  any  other  observations  which 
might  be  considered  important  insofar  as  the  selection  of  an  optimum  grenade  was  concerned. 

The  gienade  throwers  for  this  program  were  selected  from  combat  soldiers  who  recently  had  re¬ 
turned  from  Korea  and  who  were  stationed  at  Aberdeen  Proving, Ground.  In  order  that  the  throwing 
tests  could  be  accomplished  quickly,  it  was  decided  to  construct  a  layout  of  eleven  “throwing  ranges”, 
side  by  side,  in  order  that  th*.  eleven  different  types  of  grenades  could  be  thrown  or  tested  during  the 
same  time  period  by  the  eleven  grenade  throwers.  However,  a  single  soldier  tested  only  one  type  at  a 
time  and  finished  with  this  particular  type  before  proceeding  to  a  new  type.  A  suitably  flat  and  sandy 
area  of  ground  was  constructed  on  -vhich  the  eleven  throwing  ranges  were  laid  out,  and  directions  for 
the  throwing  tests  were  given  to  all  grenade  throwers  by  the  proof  officer  over  a  loud-speaker  system. 

The  primary  purposes  of  the  throwing  tests  were  to  compare  the  different  types  of  grenades  insofar 
as  inherent  accuracy  of  throwing  wtis  concerned  and  to  obtain  information  on  the  accuracy  with  which 
the  “average”  combat  soldier  could  aim  and  throw  the  grenades.  The  important  parameters  which 
were  considered  to  introduce  probable  or  significant  variations  into  the  experiment  were,  therefore,  the 
different  types  of  grenades,  the  different  individuals  throwing  the  grenaaes,  the  fact  that  an  individual's 
arm  may  become  sore  as  he  procee  ded  with  the  throwing  test  (i.e.,  a  time  parameter)  and,  finally,  a 
possible  source  of  bias  which  might  be  introduced  by  the  different  “throwing  ranges”.  It  wa3  decided, 
therefore,  to  carry  out  the  throwing  tests  using  an  experimental  design  known  as  the  Graeco-Latin 
square,  with  four  grenades  of  the  s  ame  type  thrown  per  cell,  in  order  that  variation  from  the  various 
sources  could  be  stripped  out  and  analyzed  separately.  In  this  connection,  the  eleven  different  types  o« 
grenades  were  identified  and  assign  :d  the  letters  A,  B,  C,  D,  E,  F,  G,  H,  I,  J,  Kat  random,  as  in  Table 
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33-2.  and  eleven  grenade  throwers  were  used  at  a  time,  these  being  assigned  the  numbers  1-1 1  at  ran¬ 
dom.  The  entire  throw  irg  experiment,  with  detailed  analyses,  has  been  reported  by  Grubbs  and  Shank 
(Ref.  4  ,.  some  of  the  results  being  of  sufficient  interest  to  record  here.  For  the  entire  experiment,  there 
were  3»~2  throws  of  the  hand  grenades,  half  the  experiment  being  with  cloves  and  half  without.  A 
rather  complete  account  of  the  statistical  analysis,  is  given  in  Ref.  4. 

Results  of  the  anaK  'is  indicate  that  there  existed  no  significant  differences  in  round -to- round  disper¬ 
sion  (standard  deviation  or  variance)  in  range  for  the  different  types  of  grenades,  or  for  dispersion  in 
deflection  for  the  different  types  of  grenades.  (Throwing  accuracy  could  be  different  nevertheless.)  In 
some  cases  there  were  significant  differences  in  round-*o-round  dispersion  in  range  which  were  at¬ 
tributed  to  the  throwers  but  not  to  the  tvpes  of  hand  grenades  tested  Table  33-3  gives  an  indication  of 
the  sizes  of  the  rour.d-to-round  standard  deviations  in  range  and  deflection  for  the  average  of  all  types 
of  grenades  tested  It  can  be  seen  from  Table  33-3  that  the  standard  deviation  in  range  is  about  1.3 
times  that  in  deflection  and  that  both  values  appear  to  be  cf  acceptable  magnitude. 

On  average  range  and  with  reference  to  the  aiming  stake  thrown  at,  the  analyses  revealed  the 
smaller  diameter  (2  in  and  2  5  in  ),  and  the  small  and  medium  weight  grenades  (8  oz  and  12  oz),  to  be 
super  at  in  accuracy.  The  larger  diameter  and  greater  weight  grenades  (2.47  and  2.82  in.  diameter 
and  12  and  18  oz)  appear  to  fie  the  most  inaccurate  as  did  als )  the  old  standard  Mkll  grenade.  The 
“3eano  "  grenade  fell  more  or  less  between  the  group  of  best  accuracy  ir*  lunge  and  the  group  of  poor 
accuracy  in  range.  If  o  le  were  to  rank  the  grenades  in  decreasing  order  of  accuracy  in  range,  the  result 
would  Ik  D.  C.  H.  A,  B.  G.  J.  I.  K.  E.  F  (correlate  with  Table  33-2).  There  were  highly  significant  dif¬ 
ferences  among  the  ihi  nt*r$  in  so  far  as  accuracy  in  range  was  concerned. 

On  average  deflection,  there  were  generally  no  significant  differences  among  the  grenade  types, 
although  there  was  some  evident  e  to  ndicate  that  the  heavier  grenades  tended  to  land  to  the  right  pf 
the  stakes  and  the  fighter  grenades  to  the  left  of  the  stakes — perhaps  because  practically  all  o<  »he 
•hrowers  were  right-handed 

Although  the  standard  deviations  in  range  and  deflection  are  different  ir.  magnitude,  the  accuracy  of 
throwing  may  be  described  in  terms  of  c  very  meaningful  measure,  nameiy,  the  chance  that  a  thrown 
grenade  will  come  within  a  given  distance  of  the  stake  aimed  at.  This  is  illustrated  in  Fig.  33-1  for  the 
aiming  stake  placed  at  40  vd  and  the  thrower  in  the  standing  portion.  Note  in  particular  (1)  the 
superiority  of  the  smaller  weight  and  hence  smaller  diameter  grenades,  and  (2)  tnat  the  old  Mk  II 
hand  grenade  was  the  least  accurate  one.  Similar  turves  tor  the  prone  position-20  yd  range  and  the 
kneeling  position- 30  yd  range  are  given  in  Ref.  4. 

The  effectiveness  of  a  hand  grenade  as  an  antipersonnel  weapon  depends  on  the  distance  from  the 
target  the  grenade  fur.<  ‘tons,  and  on  the  fragment  size  and  velocity.  From  this  standpoint,  therefore,  a 
characteristic  of  primary  importance  .n  analyzing  the  throwing  test  data  would  be  the  radial  deviations 
from  the  stakes  and  the  dispersion  in  radial  distances.  Hence,  we  see  the  Importance  of  Fig.  33-1.  Ac¬ 
tually.  significant  differences  for  the  different  types  of  grenades  were  indicated  for  the  average  radial 
distant  *s.  a*  one  may  suspect,  due  to  the  results  on  average  range  previously  mentioned  If  one  were  to 


TABLE  JJ-J.  SUMMARY  OF  ROUND-TO-ROUND  DISPERSIONS 
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Prtjnr 

20 

4  44 

Kneeling 

10 

4  S* 
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Standing 

40 

7  47 
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Figure.  33*1.  Cumulative  Probability  Curvet  for  Hand  Grenade  Throwing  Test 

(Standing  Position,  Range  40  yd) 
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rank  the  grenades  in  accuracy  using  sums  of  average  radial  deviations  (omitting  the  throwing  test  for 
maximum  range),  the  order  of  decreasing  accvraev  for  the  designated  grenades  would  be  I),  C,  H.  B, 
G.  A,  J,  I,  E,  K,  F 

Thus,  it  appears  that  irrespective  of  whether  one  analyzes  the  average  ranee  and  deflection  devia¬ 
tions  independently,  or  the  important  characteristic  of  radial  deviations,  the  smaller  diameter  and 
lighter  weight  or  medium  weight  grenades  turn  out  to  be  somewhat  superior  in  accuracy.  The  larger 
diameter  and  heavier  grenades  were  the  more  inaccurate,  whereas  the  “Beano'’  grenade  held  the  mid¬ 
dle  ground,  and  the  old  Mk  11  grenades  were  the  most  inaccurate. 

The  smaller  diameter,  lighter  weight  grenades  couid  also  be  thrown  farther,  as  indicated  in  Table 
33-4. 

In  evaluation  studies  of  hand  grenades,  the  probability  of  a  casualty,  i.e..  the  single-shot  kill  proba¬ 
bility,  may  be  used  as  a  measure  of  effectiveness.  The  chance  of  a  casualty  depends  on  the  product  of 
the  chance  that  a  thrown  grenade  will  land  within  a  given  distance  of  the  target  and  the  conditional 
chance  that  it  will  cause  an  incapacitation  at  that  distance.  Thus,  a  very  important  reason  for  con¬ 
ducting  the  throwing  experiment  was  actually  to  match  terminal  ballistic  properties  with  the  throwing 
accuracy  ability  of  the  average  soldier.  In  this  connection,  one  notes  in  Table  33-3  that  the  maximum 
standard  deviation  occurs  in  range  and  is  about  7.5  ft.  This  value,  combined  with  the  bias  or  deviation 
from  the  stake  thrown  at,  could  be  used  to  help  in  designing  the  lethality  parameters  of  the  grenade. 
Suppose,  for  example,  that  the  radial  standard  deviation  of  the  impact  points  from  the  aiming  stake 
amounts  to  1 0  ft.  Then,  the  charge  to  metal  weight  ratio  for  the  grenade  could  be  determined  such  that 
fragments  emanating  from  the  grenade  upon  detonation  would  be  lethal  out  to  about  3<r  =  30  ft  for  the 
fragment  weights  and  initial  velocities  decided  upon.  Thus,  the  further  importance  of  the  type  of  ex¬ 
periment  carried  out  here  which  involved  both  human  engineering  and  human  performance.  In  fact, 
this  account,  though  for  a  simple  weapon,  should  nevertheless  give  a  clear  picture  of  the  type  of  inter¬ 
face  problems  between  human  factors,  engineering  design,  and  weapon  systems  analysis.  Indeed,  the 
design  of  the  hand  grenade,  including  its  size  and  shape,  and  the  fragment  weights  and  velocities, 
should  be  such  that  the  throwing  accuracy  of  the  soldier  is  fully  considered. 


TABLE  33-4.  AVERAGE  MAXIMUM  RANGE  DATA  FOR 
GRENADE  TYPES  AVERAGED  OVER  THROWERS 

Grenade 

Grenade 

Actual  Ave. 

Range 

(all  throwers), 

Type 

Description 

_  Y* 

C 

2  in. -8  or 

48  75 

D 

2  25  in.-8os  (Rough) 

46  93 

H 

2.2S  in.-8 os  (Smooth) 

44.75 

B 

2  6in.-l2or  (Smooth) 

4241 

A 

2.6  in. -42 cs  (Rough) 

41.71 

G 

2.25  in. -12  os  (Rough) 

41.02 

J 

Beano 

4006 

1 

2.6  in.-18os  (Rough) 

37.25 

K 

Mk  If 

37  10 

E 

2.9  in  -18  os  (Rough) 

36.94 

F 

2.9in.-t8o*  (Smooth) 

36  38 

3.V10 
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33-4  HUMAN  ENGINEERING 

In  par.  33-2. 1  we  defined  human  engineering  as  a  study  of  the  interface  problems  between  man  and 
machine  and  indicated  that  human  capabilities  to  perform  the  various  operations  should  be  'aken  into 
account  in  designing  the  machine.  This  <s  especially  true  insofar  as,  weapon  systems  are  concerned,  for 
the  soldier  is  often  an  important  component,  or  he  may  indeed  amount  to  the  major  element  affecting 
system  performance  or  vice  versa.  A  simple  example  is  use  of  the  rifle.  Thus,  those  charged  with  the  de¬ 
velopment  of  a  weapon  system  should  consider  a  method  of  analysis  which  integrates  the  human  ele¬ 
ments  of  the  system  with  the  overall  performance  of  the  system.  The  advantage  of  doing  this  is  that  one 
can  bette-  determine  just  how  well  the  human  elements  affect  overall  system  performance  and  also  how 
the  system  affects  the  human  capabilities  or  limits  them  in  some  way.  The  best  designers  of  a  weapon 
system  will  try  to  develop  designs  w  hich  will  not  only  facilitate  their  use  or  operation  by  an  individual 
but  will  also  aim  for  designs  which  tend  to  reduce  human  error  rates,  the  time  to  operate  a  system,  or 
to  maintain  it,  etc  Thus,  careful  planning,  analysis,  synthesis,  and  management  control  of  a  weapon 
system  development  project  is  necessary  to  assure  proper  integration  of  the  man  and  the  weapon. 
Shapero  and  Bates  (Ref.  5)  have  suggested  a  Systems  Analyst  and  Integration  Model  (SAIM),  or 
matrix  method,  to  establish  the  relations  among  elements  of  a  system,  trace  their  effects  on  perlorm- 
ance,  and, hence  fully  establish  the  important  aspects  of  system  operation.  They  view  the  weapon 
system  as  being  “composed  of  subsystems  consisting  of  mechanisms,  men,  and  facilities  having  inputs, 
outputs,  physical  characteristics,  and  environmental  characteristics”.  This  implies  the  need  for  a  way 
of  treating  the  human  and  nonhuman  contributions  to  the  system  compatibly.  Accordingly,  in  their 
Systems  Analysis  and  Integration  Model  the  human  components  of  a  system  are  treated  as  'human 
operational  components”  that  are  the  “black-boxes”  of  human  operations,  but  these  components  are 
not  equated  to  man.  Rather,  man  is  visualized  as  participating  in  the  functioning  of  the  weapon  system 
through  combinations  of  operational  components  that  can  vary  in  size  from  those  that  represent  opera¬ 
tions  for  less  than  an  hour  to  those  that  represent  many  men  for  more  than  a  day  To  quote  Shapero 
and  Bates  (Ref.  5'  further,  we  note  that  tney  indicate  the  following; 

“More  specifically,  a  human  operational  component  is  a  combination  of  operations  in  which  rigid 
arrangements  or  constraints  compel  events  to  take  a  certain  course.  The  constraints  of  the  component 
are  intended  to  exclude  all  possibilities  of  action  which  would  not  be  in  line  with  the  intended  course; 
and  typically  the  constraints  cannot  be  altered  by  the  action  forces. 

"In  this  context,  those  responsible  for  the  human  factors  in  a  man-mechanism  system  are  responsi¬ 
ble  for  designing  sets  of  operations  to  be  performed  by  men  and  for  assuring  that  these  operations  have 
fixed  characteristics.  Steps  usually  taken  to  ensure  that  these  operations  are  reproduced  within  given 
tolerances  and  with  given  reliability  are: 

1.  Design  and  allocation  of  systems  functions  to  be  performed  by  man. 

2.  Design  of  work  area,  work  place,  and  work  environment  in  Order  to  minimize  variability - 

3.  Establishment  of  fixed  operational  procedures. 

4.  Training  of  personnel  in  these  procedures. 

5.  Performance  of  research  to  provide  data  and  methods  for  the  better  accomplishment  of  1,  2,  3, 
znd  4  above. 

“As  with  mechanisms;  the  human  operational  components  defined  in  the  model  are  typical  of  the 
system  level  being  discussed,  and  may  be  a  mission  segment,  a  function,  a  task,  or  a  job  element.  At 
one  level,  for  example,  it  may  be  the  operation  of  a  tracking  console.  At  another  level,  it  may  be  a 
monitoring  operation  of  a  simple  job  of  assembly.  At  every  level,  as  with  mechanisms,  the  characteris¬ 
tics  of  the  human  operational  components  are  described  in  terms  of  their  inputs,  outputs,  physical 
characteristics,  and  environmental  characteristics.” 
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The  Systems  Analysis  and  Integration  Modei  approach  to  include  human  factors  in  weapon  systems 
analysis  studies  of  Shapero  and  Bates  vRef.  5)  is  suggested  as  good  background  reading  for  the  young 
systems  analyst,  and  Appendix  A  of  Ref.  5  might  well  be  an  aid  to  the  analyst  because  it  covers  some 
suggested  classifications  of  human  operations  components  and  mechanism  terms  for  use  in  the  SA1M 
methodology. 

Sometime;  the  analyst  will  have  to  be  familiar  with  the  anthropometric  studies  of  humans,  and  how 
they  may  affect  human  engineering  applications.  Anthropometry  is  the  technology  of  measuring 
various  human  physical  traits — primarily  such  factors  as  size,  mobility,  and  strength— i.e.,  character¬ 
istics  that  will  have  decided  effects  on  weapon  system  performance.  Engineering  anthropology  is  the 
field  of  endeavor  which  aims  to  apply  anthropometric  data  to  equipment,  workplace,  and  clothing 
design,  in  order  to  enhance  the  efficiency,  safety,  and  comfort  of  the  operator.  An  authoritative  treat¬ 
ment  of  engineering  anthropology  is  given  by  Hertzberg  in  Chapter  1 1  of  Ref.  2.  The  weapon  systems 
analyst  must  realize  that  the  concept  of  “the  average  man”  is  either  a  myth  or  a  fallacy,  and  hence  that 
variations  in  human  characteristics  and  traits  do  indeed  exist  and  may  be  large  in  magnitude.  Hence, 
such  variations  must  be  properly  considered  in  designing  and  fielding  worthwhile  or  useful  weapon 
systems 

Man-machine  dynamics  are  covered  by  Frost  in  Chapter  6  of  Ref.  2,  and  the  design  of  controls  is  dis¬ 
cussed  in  Chapter  8  of  Ref.  2.  These  references  represent  appropriate  reading  for  the  systems  analyst 
who  will  be  dealing  with  human  engineering  studies  in  connection  with  weapons. 

In  recent  years,  there  has  existed  a  considerable  amount  of  interest  in  determining  the  design  con¬ 
straints  for  shoulder  fired  weapons,  and  the  Human  Engineering  Laboratory  constructed  a  test  facility 
to  collect  human  performance  data  which  could  be  used  to  determine  limits  for  length,  weight,  and 
other  physical  properties  of  shoulder  fired  weapons.  Parallel  to  this  effort,  the  Ballistic  Research 
Laboratories  collected  physical  measurements  of  some  one  hundred  modem  shoulder  fired  weapons; 
both  U.S.  and  foreign.  In  fact,  the  weapons  considered  included  rifles,  rocket  launchers,  recoiiless 
rifles,  grenade  launchers,  carbines,  submachine  guns,  machine  guns,  shotguns,  and  various  miscel¬ 
laneous  shoulder  fired  weapons.  Moreover,  the  opinion  of  experts  in  the  use  and  maintenance  of 
weapons  were  sought  and  analyzed  in  order  to  estimate  the  percent  of  US  Army  men  who  could  easily 
handle,  transport,  and  fire  US  weapons.  This  study  is  reported  by  Moore  and  Strickland  (Ref.  6),  and 
it  should  be  very  useful  to  designers  concerning  the  practical  length  and  weight  of  any  new  shoulder 
fired  weapon.  Moore  and  Strickland  (Ref.  6)  also  established  a  regression  equation  to  estimate, the  per¬ 
cent  of  men  who  could  easily  use  weapons  of  various  lengths  and  weights.  Such  studies  should  be  very 
useful  in  future  analyses  of  human  engineering  problems  concerning  shoulder  fired  weapons. 

Some  particular  examples  of  human  engineering  applications  in  connection  with  weapon  systems 
might  be  helpful  toward  orienting  the  systems  analyst  a  bit  and  will  be  mentioned  here.  For  example, 
in  assemblying  the  40-mm  XM172  grenade  launcher,  a  very  large  number  of  operator  errors  were 
found  and  reported  in  a  study  by  Miles,  Kramer,  and  Ellis  (Ref.  7)  on  what  appeared  to  be  a  simple 
task  of  inserting  a  locking  bar  into  a  hole  in  the  upper  rotor  of  the  grenade  launcher.  It  was  found  that 
the  locking  bar  was  required  to  pass  through  four  separate  pieces;  the  misalignment  of  any  one  of 
which  would  prevent  the  locking  bar  from  being  seated  properly.  In  this  connection,  a  human 
engineering  redesign  recommendation  was  made  to  bevel  the  leading  edges  of  the  locking  bar  so  that 
fine  alignment  would  occur  automatically.  Thus,  the  importance  of  human  engineering  studies  for 
even  a  rather  simple  operation  of  this  kind  becomes  evident. 

During  the  late  1950’s  and  early  *  960’s,  the  Army  conducted  a  series  of  studies  on  the  Special  Pur¬ 
pose  Individual  Weapon  (SPIW)  as  a  possible  replacement  or  supplementary  shoulder  fired  weapon  to 
the  standard  rifle.  For  a  series  of  seven  “systems”  tests  conducted  in  support  of  the  SPIW,  involving 
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rifles  and  men,  Torre  (Ref.  8)  presents  the  findings  of  human  factors  or  human  engineering  studies 
pertinent  to  design  of  future  rifles.  A  problem  of  much  concern  at  the  time  was  that  limited  hits  were 
obtained  for  ranges  of  200  yd  or  more  in  an  earlier  experiment  invo'ving  pop-up  man-silhouette 
targets.  In  fact,  the  average  aiming  error  for  an  infantryman  amounted  to  about  3.5  mils  linear  stand¬ 
ard  deviation,  and  the  need  for  firing  several  rounds  was  thus  indicated.  Also,  other  possible  causes  of 
inaccuracy  needed  study.  In  particular,  Torre  (Ref.  8)  was  interested  in  determining  the  effects  of  rifle 
design  parameters  such  as  impulse,  stock  configuration,  and  cyclic  rate  on  semiautomatic  and  auto¬ 
matic  fire  accuracy,  especially  for  multiple  projectiles  (usually  three)  per  trigger  pull.  Generally,  im¬ 
pulse  and  stock  configuration  both  had  effects  on  delivery  accuracy.  In  fact,  if  was  found,  for  example, 
that  the  reduction  in  the  moment  arm  of  the  rifle  would  lead  to  reduced  round-to-round  dispersion. 
There  seemed  to  be  little  difference  in  dispersion  between  firing  from  the  arm  as  opposed  to  the 
shoulder.  The  effect  of  weapon  \  eight  seemed  to  have  little  effect  for  serially  fired  bullets,  and  the  effect 
of  a  pistoi  grip  at  two  positions  along  the  weapon  produced  negligible  results.  The  effect  of  firing  from  a 
support  condition  with  the  “sport”  type  stock  was  quite  pronounced  at  least  for  low-impulse  values  of 
the  rifle.  Although  dispersion  did  not  increase  between  slow  and  rapid  fire  for  quick  turns  up  to  about 
90  deg,  dispersion  did  increase  when  the  riflemen  turned  as  much  as  180  deg  and  in  a  rapid  manner. 
For  the  rapid  firing  of  three  rounds  per  trigger  pull,  the  second  and  third  rounds  departed  markedly 
from  the  first,  the  largest  displacements  being  vertical  rather  than  horizontal.  Hence,  such  an  effect 
and  its  size  was  found  to  be  of  importance  in  developing  any  policy  of  firing  such  weapons,  especially, 
since;  the  mean  radial  distance  of  the  second  projectile  from  the  first  was  between  one-third  and  one- 
half  that  of  the  distance  between  the  first  and  third  projectiles.  These  and  other  considerations 
developed  in  Ref.  8  bring  out  the  importance  of  human  engineering  studies — which  were  very  helpful 
in  efforts  to  make  recommendations  for  a  dual-purpose  type  weapon — which  might  consist  both  of  a 
point  target  system  and  an  area  fire  system. 

A  fairly  typical  human  factors  evaluation  of  an  experimental  item  is  that  reported  by  Miles,  Ellis, 
and  Kramer  (Ref.  9)  in  a  study  of  the  XM174  Automatic  Grenade  Launcher.  This  human  factors 
study  included  a  design  and  operation  type  of  evaluation  and,  a  field  evaluation  employing  nine  en¬ 
listed  subjects  with  Infantry  MOS’s.  The  study  was  aimed  toward  answering  three  questions:  (1)  can 
randomly-selected  infantrymen  be  taught  to  operate  and  maintain  the  XM174  Automatic  Grenade 
Launcher,  (2)  just  how  fast  and  accurate  is  their  fire,  and  (3)  what  features  of  the  weapon  design  in¬ 
hibit  optimum  man-system  performance? 

An  experiment  designed  to  answer  these  questions  was  conducted  (Ref.  9)  and  led  to  several  sug¬ 
gested  design  modifications  which  would  meet  current  human  factors  standards.  The  other  conclu¬ 
sions  reached  in  Ref.  9  are: 

“The  XM174  weapon  can  reasonably  be  fired  in  a  tripod-mounted  mode  with  or  without  the  T&E 
(training  and  elevation)  mechanism  engaged.  However,  significantly  greater  hit  probability  against 
vertical  targets  (e  g.,  apertures  in  buildings  or  fortifications)  and  targets  beyond  200  meters  is  achieved 
when  the  tripod  and  T&E  are  both  used. 

“The  weapon  is  suitable  for  hand-held  (assault)  firing,  ahhough  right-handed  persons  are  more 
likely  to  favor  this  mode  and  to  achieve  greater  accuracy. 

“Persons  experience  carrying  a  loaded  XM174  (without  tripod  and  T&E)  as  heavy  and  awkward, 
but  an  individual’s  loss  of  speed  and  maneuverability  are  no  greater  than  if  he  were  carrying  a  loaded 
M60  Machinegun.” 

Tne  quantitative  values  of  parameters  answering  the  three  questions  are  given  in  Ref.  9  for  future 
reference  and  for  aids  in  further  human  engineering  studies  of  similar  launchers. 
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In  summarizing  the  problem  of  human  engineering  factors  in  the  area  of  weapon  systems  analysis, 
one  might  say  that  the  effectiveness  of  the  weapon  or  system  might  well  be  expressed  as  a  function  of 
three  variables  or  parameters,  thus  involving  the  relationship 

E  =  f(m,w,t)  (33-1) 

where 

E  =  overall  effectiveness  of  the  weapon  system 
m  =  proficiency  of  the  soldier  or  soldiers  manning  the  system 
w  =  inherent  capability  of  the  weapon  as  designed 
t  =  tactical  t*chnique  of  employment  of  the  weapon  in  combat. 

Many  other  human  engineering  studies  or  examples  are  to  be  found  in  the  Bibliography  of  this 
chapter. 

33-5  HUMAN  PERFORMANCE 

Whereas  human  engineering  is  concerned  primarily  with  the  development  of  appropriate  interfaces 
between  man  and  equipment  or  weapon,  human  performance  has  more  to  do  with  ( 1 )  the  assessment 
of  just  how  well  man  performs  with  the  weapon  or  system,  and  (2)  the  evaluation,  usually  in  a  quan¬ 
titative  way,  of  just  how  well  he  actually  operates  the  pieces  of  equipment.  If,  for  example,  the  man  can 
operate  one  design  of  a  weapon  or  system  much  better  than  some  competing  designs,  then  the  best 
system  to  field  will  usually  be  the  former  one.  Whereas  it  is  not  always  easy  to  distinguish  very  sharply 
between  human  engineering  and  human  performance,  and  indeed  some  studies  actually  involve  both 
areas  of  interest  (par.  33-3);  it  is  often  worthwhile  nevertheless  to  treat  the  two  subjects  somewhat 
separately. 

A  useful  example  of  a  human  performance  study  is  the  hand  grenade  throwing  test  of  par.  33-3.  A 
more  recent  and  illustrative  study,  however,  would  be  that  of  studying  target  detection  capability,  such 
as  that  reported  by  Horley,  Eckies,  and  Dax  (Ref.  10).  Their  study  covered  a  comparison  of  several  vi¬ 
sion  systems  mounted  in  stationary  and  moving  tanks  in  the  target  detection  role.  It  was  considered 
that  ihe  Army’s  requirement  for  future  tanks  to  be  able  to  penetrate  nuclear  battlefields,  and  survive 
there,  would  really  change  the  basic  tank  design  since  the  crew  would  have  to  perform  many  of  its  tasks 
in  a  sealed  compartment  isolated  from  the  environment.  Hence,  target  surveillance  and  detection  in 
the  traditional  manner  from  the  open  hatch  may  not  be  possible  at  all,  and  other  detection  methods 
needed  more  extensive  evaluation.  These  considerations  led  to  the  study  and  evaluation  of  four  tank  vi¬ 
sion  systems  for  the  vital  surveillance  tasks  of  tanks,  as  follows: 

1.  Open  hatch  with  7  X  50  binoculars  ■ 

2.  Closed  hatch  (greenhouse  vision  cupola)  with  6  X  30  binoculars 
Z.  Gunner’s  vision  block  and  periscope 

4.  Closed-circuit  vidicon  TV  with  zoom  lens. 

A  field  experiment  was  conducted  with  these  four  detection  systems  which  were  tested  simultane¬ 
ously  against  the  same  target  arrays,  and  a  factorial  type  of  experimental  design  was  used  to  help  in 
stripping  out  such  effects  as  learning  and  the  transfer  of  crews  and  systems.  The  results  of  the  study  are 
summarized  in  terms  of  informative  graphs  which  give  the  percent  detection  for  each  surveillance 
system  as  a  function  of  time  to  detect  targets.  Thus,  the  probability  oi  detection  of  the  targets  sought 
within  any  given  time  for  the  four  surveillance  systems,  including  human  operation,  is.  available  as  Is 
also  a  comparison  of  the  four  systems. 
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Fig.  33-2  is  a  reproduction  of  Fig.  2  from  the  report  of  Horley,  Eckles.  and  Dax  (Ref.  10)  and  il¬ 
lustrates  the  type  of  summary  information  gathered  from  the  experiment  on  crews.  One  sees  that  the 
television  system  turned  out  to  be  the  poorest,  and  that  although  the  open  hatch  with  binoculars  gives 
the  best  target  detection  probabil.ties,  it  may  be  that  the  gunner’s  periscope  for  the  closed-hatch  tank 
would  indeed  be  acceptable,  perhaps  especially  in  a  nuclear  environment.  Ref.  10  contains  some  15 
graphs  giving  detection  chances  with  respect  to  time  for  the  other  conditions  of  test.  Hence,  studies  of 
this  character  often  produce  valuable  and  useful  information  on  human  performance  as  well  as  for  the 
systems  under  study. 

Although  not  mentioned  in  Ref.  10,  we  have  noted  that  many  of  the  graphs  on  the  times-to-detect 
targets  may  be  summarized  by  use  of  an  exponential'type  law.  For  example,  the  curve  for  the  gunner’s 
periscope  of  Fig.  33-2  may  be  fitted  approximately  by  the  equation 

P  =  1  exp [-t/6)  (33-2) 

where 

P  -  percent  targets  detected 

t  -  time  (to  detect),  min 

6  ~  exponential  parameter  =  about  1.8  or  2.0  min. 

In  any  event,  it  would  certainly  seem  that  the  two-parameter  Weibull  type  law  (see  Eq.  21-147,  for  ex¬ 
ample)  would  fit  many  of  the  time-to-detect  curves  of  Ref.  10.  Such  a  fitted  iaw  would  give  the  weapon 
systems  analyst  a  rather  general  analytical  function  he  could  often  use  in  his  evaluation  studies. 

An  example  of  a  rather  huge  and  somewhat  more  complex  human  performance  study  is  HELBAT  I, 
or  the  Hitman  Engineering  Laboratories  Battalion  Artillery  Test,  reported  by  Horley  and  Giordano 
(Ref.  1 1 ).  As  indicated  in  Ref.  1 1 ,  the  Army  needed  additional  information  concerning  the  operational 
accuracy  of  conventional  artillery  systems.  In  fact,  the  continuing  assessment  of  various  delivery  errors 
for  conventional  artillery  systems  represents  information  of  importance  to  the  weapon  systems  analyst, 
weapon  design  and  development  engineers,  military  tacticians,  and  artillery  training  agencies. 
HELBAT  I  involved  three  artillery  battalions  of  M109  self-propelled  155-mm  howitzers  from  the  First 
Armored  Division,  Ft.  Hood,  TX.  Each  of  the  battalions  consisted  of  three  batteries  of  six  howitzers 
each,  for  a  total  of  18  weapons.  The  purpose  of  HELB/.T  I  was  to  determine  the  capability  of  a  bat¬ 
talion  of  M 1 09  self-propelled  1 55-mm  howitzers  to  deliver  surprise  mass  fire  accurately  in  the  shortest 
possible  time  without  adjustment.  We  quote  further  from  the  study: 

“The  mission  selected  was  surprise  fire  using  the  predicted  fire  technique,  Meteorological  + 
Velocity  Error  Transfer  (MET  +  VE).  There  are  basically  three  types  of  artillery  techniques  for  firing 
indirect  missions:  (a)  adjustment  onto  target,  (b)  transfer  fire  using  registration  corrections,  and  (c) 
MET  +  VE  transfer.  The  MET  +  VE  transfer  is  the  technique  most  likely  to  produce  human  errors 
at  the  Fire  Direction  Center  (FDC),  and  since  speed  of  engagement  is  critical  to  massing  surprise  fire, 
many  human  errors  wiii  also  be  committed  by  forward  observers  and  gun  crews.  Human  error,  there¬ 
fore,  will  be  greatest  in  this  type  of  mission,  although  the  resulting  inaccuracy  does  not  preclude  the 
mission  from  being  one  of  the  most  important.  Its  importance  is,  ir.  fact,  stated  by  Army  Artillery  Doc¬ 
trine:  ‘In  order  to  inflict  a  maximum  number  of  casualties,  and  to  achieve  the  greatest  demoralizing  ef¬ 
fect  on  the  enemy,  the  immediate  objective  is  to  deliver  a  mass  of  accurate  and  timely  fire  from  many 
pieces  in  the  shortest  possible  time  without  adjustment.’  ” 

The  planned  objectives  of  HELBAT  I  were  listed  as: 

“1.  Determine  the  total  system  accuracy  of  a  battalion  of  self-propelled  155-mm  howitzers  using 
surprise-fire  techniques. 
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2.  Determine  the  total  time  (from  survey  to  time-on-target)  required  by  a  battalion  to  deliver  lire 
on  the  target. 

3.  Measure  the  time  distributions  of  rounds  striking  the  target  area. 

4.  Measure  the  warning  sound  of  incoming  volley  fire  at  the  target  area. 

5.  Determine  what  portion  of  the  total  system  error  is  human  error  and  isolate  this  error  in  each  of 
the  sections  of  an  artillery  unit.” 

Concerning  the  procedure,  each  battalion  conducted  surprise-fire  missions  against  stationary 
targets.  The  battalions  would  move  rapidly  into  a  firing  position,  engage  a  target  with  massed  time  on 
target  (TOT)  fire,  then  change  to  new  firing  positions  and  repeat  the  operation  against  a  new  target. 

‘‘For  experimental  purposes,  the  targets  were  considered  point-type,  and  they  were  engaged  by 
mass  volley  fire  (TOT),  parallel  sheaf,  center  range. 

“Two  firing  techniques  were  used  to  achieve  the  element  of  surprise:  (a)  MET  +  VE  mission,  where 
the  firing  data  is  computed  from  current  MET  data  and  existing  VE  data  on  each  battery,  and  (b) 
single-piece  registration,  where  one  piece  from  the  center  battery  registers  as  far  away  from  the  target 
as  possible  but  within  K  transfer  limits,  with  the  registration  data  then  applied  to  all  three  batteries. 
Both  of  these  techniques  rate  high  in  terms  of  expected  errors  at  the  FDC,  because  of  the  complexity  in 
computing  the  firing  data  and  the  many  approximations  associated  with  applying  corrections  from 
both  meteorological  messages  and  registrations.” 

For  the  HELBAT  I  experiment,  there  were  24  firing  missions  for  the  MET  +  VE  method  of  firing 
and  18  firing  missions  involving  the  registration  procedure.  Although  very  desirable,  it  was  not  possi¬ 
ble  in  HELBAT  I  to  carry  to  completion  the  objective  listed  as  planned  objective  5,  i.e.,  being  able  to 
strip  out  the  effect  of  humans  as  a  component  of  variance  in  assessing  overall  system  error  or  variation. 
Thus,  although  we  speak  of  HELBAT  I  as  being  an  example  of  “human  performance”,  it  turns  out — 
as  will  so  often  be  true  for  many  other  such  experiments — that  one  is  really  studying  overall  system 
delivery  accuracy,  i.e.,  with  the  human  elements  incorporated  into  and  being  a  part  of  the  test.  Thus, 
although  it  is  certainly  quite  proper  to  include  and  fully  account  for  the  human  engineering  or  human 
factors  part  of  a  weapon  system,  it  is  also  proper  and  indeed  necessary  as  well  to  be  sure  that  total 
system  acc-  racy  is  assessed  since  this  is  really  what  is  needed  in  the  first  place.  Fortunately,  modern 
techniques  of  analysis  apply  to  both  problems.  Of  course,  it  is  highly  desirable  to  assess  all  of  the  possi¬ 
ble  components  of  variability  in  the  entire  system  as  operated  in  order  that  those  parts  causing  major 
variations  or  errors  will  be  known  promptly  and  corrected  as  need  be;  this  often  would  include  some 
special  emphasis  for  human  factors  problems. 

Before  presenting  some  results  of  HELBAT  I  for  system  delivery  accuracy,  including  errors  in¬ 
troduced  by  personnel  operating  and  manning  the  battalion  equipment,  it  might  be  well  to  point  out 
that  system  accuracy  will  be  based  primarily  on  the  capability  of  artillery  batteries  to  place  the  center 
of  impact  (C  of  I),  or  mean  point  of  impact  (MPI),  as  it  is  often  called,  on  the  target  center  or  3im 
point.  For  surprise  fire,  it  is  desirable  to  do  this  as  quickly  as  possible,  and  then  fire  a  sufficient  number 
of  rounds  to  neutralize  the  enemy  threat.  Thus,  one  desires  to  determine  whether  the  C  of  I  for  a  bat¬ 
talion  can  be  placed  within  50,  100,  or  200  m  of  the  intended  aim  point;  knowing  full  well  that  there  is 
a  sizeable  round-to-round  normal  variation  in  the  fall  of  shot,  or  “precision  of  fire”,  as  it  is  often  re¬ 
ferred  to  in  terms  of  the  standard  deviation. 

Results  of  HELBAT  I  indicate  that  lor  the  combined  firings  of  ail  three  battalions  the  round-to- 
round  standard  deviation  in  range,  or  precision  fire,  was  about  <rx  =  70  m  and  the  round-to-round 
standard  deviation  in  deflection  amounted  to  <ry  ■  45  m,  thus  exhibiting  a  ratio  of  the  range  sigma  to 
deflection  sigma  of  1.56.  These  range  and  deflection  sigmas  are  for  individual  or  single  rounds  fired. 
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Now,  with  regard  to  the  major  point  of  interest  concerning  just  how  well  surprise  fire  for  a  battalion 
may  be  brought  to  bear  on  enemy  targets  employing  the  MET  +  V’E  method  of  fire  adjustment, 
results  indicate  that  the  standard  deviation  in  range  for  a  C  of  I.  or  MPI,  will  be  about  =  136  m,  and 
the  standard  deviation  in  deflection  will  amount  to  about  ov  =  88  m.  Thus,  the  inability  to  place  bat¬ 
talion  C  of  I  on  the  target  aim  point  involves  delivery  standard  errors  of  just  about  double  that  for 
range  and  deflection  sigmas,  respectively,  for  individual  rounds  fired  from  the  howitzers.  This  is  ob¬ 
viously  a  very  important  piece  of  information  concerning  expected  aiming  errors  since  such  data  on  the 
values  of  the  parameters  involved  are  needed  to  estimate  the  percentage  of  casualties  that  might  be  an¬ 
ticipated,  for  example,  by  using  the  methods  of  Chapter  20  to  make  such  an  assessment.  The  errors  in 
placing  batterv  or  battalion  C  of  I  s  on  target  are  also  of  interest  to  the  weapon  designer,  or  the  logisti¬ 
cian  in  planning  for  ammunition  supply  based  on  the  weapon  systems  analyst’s  studies  and  others  as 
well.  ■ 

The  delivery  accuracy  standard  errors  in  range  and  deflection  of  the  MPI  placement  may  also  be 
used  to  determine  relative  frequencies,  such  as  for  example  the  50%  point  or  the  circular  probable  error 
(CEP),  which  indicates  a  circle  within  which  half  of  the  C  of  I’s  can  be  expected  to  lie. 

In  spite  of  there  being  very  different  values  for  the  standard  deviation  in  range  (<r„  =  136  m)  and 
standard  deviation  in  deflection  ( a „  =  88  m),  Grubbs  (Ref.  12,  p.  32),  nevertheless,  gives  a  very  ac¬ 
curate  approximation  for  calculation  of  the  CEP.  It  consists  of  determining  or  using  the  following 
parameters: 

<7*  =  <r2  +  <r}  =  (136)2  +  (88)2  =  26240,  or  <r  =  162 

m  —  mean  value  =  1 ,  in  this  case 

v  =  variance  —  2  (a£  +  at) /a*  —  1.168. 

Then,  the  CEP  of  the  delivered  C  of  I’s  is  found  from  p.  32,  Ref.  12 

CEP  *  as/m[\  -  ®/(9 tn2)]3/2  =  131.5m.  (33-3) 

Hence,  the  CEP  for  expected  battalion  MPI’s  or  C  of  I’s  is  about  132  m.  This  value  compares  with  and 
in  fact  is  smaller  than  the  value  of  CEP  =  150  m  determined  in  Ref.  11  by  a  graphical  plotting  proce¬ 
dure. 

The  MET  +  VE  method  turned  out  to  be  somewhat  superior  to  the  registration  procedure — see 
Table  7  of  Ref.  11. 

Table  9  of  Ref.  11  gives  pertinent  data  on  errors  for  the  forward  observers’  functions  carried  out  in 
the  HELBAT  I  experiment.  Finally,  as  pointed  out  in  Ref.  .1 1,  the  HELBAT I  results  agree  quite  well 
with  the  analysis  of  data  from  Korea  by  the  former  Army  Operations  Research  Office  and  that  of  the 
British. 

33-6  HUMAN  RELIABILITY 

Human  reliability,  as  discussed  in  par.  33-2,  may  be  considered  to  be  the  relative  frequency  of 
success  with  which  an  individual  soldier,  crew,  etc.  performs  the  arious  assigned  tasks.  Human 
reliability  is  a  rather  new  field,  relatively  speaking,  and  more  and  more  effort  apparently  is  being 
devoted  to  it  currently  because  of  its  importance  as  a  special  subject.  One  writer,  Miles  (Ref.  13), 
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seems  to  argue  that  the  proper  term  should  be  “human  performance  reliability’’;  although  we  have 
already  indicated  that  human  performance  and  human  reliability  are  perhaps  closely  allied,  it  simply 
being  desirable  to  give  some  special  emphasis  to  characterizations  of  reliability  due  to  the  current  im¬ 
portance  of  that  now  widely  known  and  accepted  field  of  special  interest.  Then  again,  there  seems  to  be 
some  emphasis  to  the  effect  that  reliability  studies  have  not  properly  taken  account  of  the  human  ele¬ 
ment,  and  hence  may  be  “misleading”  (Ref.  13,  p.  2).  In  any  event,  the  reader  should  and  no  doubt 
will  realize  that  studies  of  system  reliability  will  be  understood  to  include  all  of  the  elements  or  compo¬ 
nent  parts  of  the  system  which  may  have  an  effect  on  overall  weapon  reliability,  and  this,  of  course,  in¬ 
cludes  humans.  Indeed,  it  may  be  that  in  some  applications  the  human  initiated  malfunctions  are  the 
most  frequent,  or  the  most  important,  and  hence  they  have  a  major  effect  or  impact  on  system 
reliability.  Moreover,  the  basic  principles  and  theories  given  in  Chapter  21  will  still  apply  to  human 
and  system  reliability  problems  in  a  general  manner. 

As  a  simple  example  of  human  reliability,  we  might  consider  the  effectiveness  of  infantrymen  in 
properly  cleaning  and  assembling  an  infantry  weapon,  such  as  a  rifle.  In  this  connection,  a  dirty  rifle 
or  one  not  perfectly  assembled  may  produce  a  failure  of  some  kind  before  a  properly  cleaned  rifle  fails. 
Thus,  for  a  group  of  “rookie”  riflemen,  who  have  just  cleaned  and  assembled  their  rifles,  one  might 
start  a  firing  program  and  count  the  number  of  shots  until  a  malfunction  occurs  for  each  rifleman  and 
his  rifle.  It  might  be,  for  example,  that  the  number  of  rounds  to  first  malfunction  might  be  distributed 
in  an  exponential  fashion  (Chapter  21),  so  that  the  reliability  is  defined  as  the  chance  that  a  rifleman 
will  be  able  to  fire  some  mission  number  of  rounds,  such  as  50,  before  his  first  malfunction.  The  better 
the  cleaning  and  assemblying  job,  then  the  greater  the  reliability,  or,  that  is,  the  chance  of  successful 
operation  beyond  the  mission  number  of  rounds.  This  is  a  measurement  of  reliability  on  a  more  or  less 
continuous  scale,  the  principles  of  which  are  rather  fully  covered  in  Chapter  21. 

A  somewhat  allied  form  of  system  reliability,  including  human  operational  ability,  might  be  seen  by 
referring  to  Fig.  33-2.  For  ?  time  of  2  min,  the  chance  that  a  target  will  bo  detected  with  open  hatch  and 
binoculars  is  about  0.75,  whereas  that  for  the  gunners  periscope  the  corresponding  chance  is  only 
about  0.64,  or  that  is  to  say,  the  human  operation  involving  open  hatch  and  binoculars  is  the  more 
reliable  one!  This  is  another  example  of  what  could  be  called  human  reliability  on  a  continuous  scale. 

A  different  type  of  reliability  for  humans  would  be  the  relative  frequency  of  errors  encountered  in 
performance  tasks  of  individuals.  For  example,  McCalpin  and  Mites  (Ref.  14)  conducted  a  study  to 
measure  the  extent  and  consequence  of  human  errors  in  the  operation  and  maintenance  of  Stoner 
weapons.  Twenty-four  subjects  were  tested  six  times  on  each  of  several  maintenance  actions  resulting 
in  144  trials,  with  a  human  error  potential  involving  some  11,520  possibilities  for  error.  The  error 
categories,  the  frequency  of  error,  and  the  observed  human  error  rates  are  given  in  Table  33-.:  The 

TABLE  33^5.  FREQUENCY  OF  ERROR  AND 
OBSERVED  PROBABILITY  BY  ERROR  CATEGORY 


ERROR  CATEGORY 

FREQUENCY 

OBSERVED 

HUMAN  ERROR 

RATE 

1.  Catastrophic 

2 

0.00018 

2.  Inadvertent  Activation 

7 

0.00061 

3.  Weapon  Stoppage 

157 

0.014 

4.  Procedural  Errors 

252 

0.022 

Total  Errors 

418 

0.036 

(Total  Number  of  Error  Possibilities  »  11,520) 
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authors  go  ahead  to  point  out  that  the  highest  incidence  of  operator  error  leading  to  Stoner  rifle  failure 
was  experienced  in  the  weapon  cleaning  process.  This  finding  indicated  that  the  weapon  was  dirt-  and 
'-arbon-sensitive  and,  further,  that  the  operator  cannot  easily  ascertain  when  the  weapon  is  really 
clean.  One  characteristic  in  particular  appeared  to  be  the  source  of  the  problem,  'hat  being  the  ex¬ 
cessive  friction  in  the  bolt  carrier  group  which  caused  binding  in  the  receiver  slides;  this  resulted  in 
weapon  action  being  slower  in  a  dirty  weapon  than  in  a  clean  one.  Thus,  in  the  firing  tests  there  re¬ 
sulted  increased  failures  for  both  the  rifle  and  machine  gun  configurations  when  proper  cleaning  and 
maintenance  were  not  carried  out.  McCalpin  and  Miles  (Ref.  14)  concluded  that  reliable  operation  of 
the  Stoner  rifle  and  machine  gun  is  rather  heavily  dependent  upon  reliable  human  performance  and 
maintenance  tasks. 

McCalpin  (Ref.  15)  suggests  setting  up  a  data  bank  to  collect,  process,  and  analyze  human 
reliability  data  of  all  kinds.  Thus,  and  in  summary,  there  seems  to  be  a  rather  fertile  area  of  future  in¬ 
terest  in  gathering  human  reliability  data  and  taking  pains  to  apply  it  to  overall  system  reliability 
problems  encountered  in  the  various  weapon  systems  analyses. 

33-7  SUMMARY 

We  have  introduced  and  discussed  some  of  the  interfp.ee  type  problems  bitween  human  engineering 
and  weapon  systems  analysis  studies.  It  was  thought  somewhat  desirable  to  discuss  three  perhaps  dif¬ 
ferent  areas  for  the  analyst — i.e.,  the  human  engineering  problem,  tht  human  performance  problem, 
and  the  human  reliability  problem.  It  is  seen  that  the  weapon  systems  analyst  may  face  studies  which 
could  involve  all  three  facets  of  human  factors,  and  consequently  some  typical  example  application 
possibilities  have  been  covered.  An  extensive  Bibliography  of  some  Human  Engineering  Laboratories 
publications  which  might  be  of  some  interest  to  the  weapon  systems  analyst  is  included. 
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CHAPTER  34 

ANALYSIS  OF  COSTS  AND  OTHER  RESOURCE  MEASURES  — 
INTRODUCTION  AND  GENERAL  GUIDELINES 

7  he  analyses  ut  .•»  eapun  s\%t,ms  must  neves  >anh  fake  prvf+r  a>euunt  <•'  tale d  .'<.r  an\  iijntpm,  nr  trat  /. 

tvmtualh  fielded  nrue'resonna  are  m«'t  u-uaih  »./  a  »;«;/#■  chara  ter.  Itur.o  th  ,i  >ap>.n  »i  •/»»(>  ana\-t  v  ><<* 
possess  a  proper  hm  kgrmtnd  knr,u  ledge  at  the  ani.l\<i%  of  Wt  and  »lht  r  resows,  rniasurf.  and  app!\  f'l  ana!\  ;« 
An  evaluations.  The  material  presented  in  this  chapter  should  sene  as  a  hruad  in'rodu,  tt»n  tu  she  fir., him.  „>  ,  «>/ 
anal\ses  ut  urapun  s  i  .terns,  and  it  should  give  the  >\stems  anahst  an  nppr<  •ni'v.n  ut  ;h-  uufu  and  important-'  u>  :h, 
Armx  >  rod  anal\  us  actr  ihes  In  particular,  the  u  eapun  n> .'-nts  < ma h  >/  u  ill  am  a\  >  -trre  •>,  deU  'mine  the  utera.'!  > 
fectiveness  uf  tne  u  repots  he  evaluates  in  terms  ut  mst,  and  heme  e fleet  ui.umi-s  oirrau  eitu,,. 


34-1  INTRODUCTION 


The  purpose  of  this  chapter  is  to  provide  a  general  introduction  to  weapon  system  costing 
methodology  and  some  rationale  for  the  major  concepts  in  military  cost  estimating.  Quantitative  tech¬ 
niques  fur  cost  analyses  and  their  applications  in  support  of  the  Army's  weapon  system  development 
program  will  be  addressed  in  greater  detail  in  Chapters  35  and  Ms 

In  addition  to  models  of  evaluation  discussed  so  far,  the  function  of  weapon  systems  analysis  has 
been  described  also  as  that  of  assisting  the  decision  process  by  pros  iding  comparative  measures  of  cost- 
benefit/cost-cffectiveress  for  the  prudent  selection  of  alternatives  which  ran  attain  specified  objec  tives. 
Conceptually  the  emphasis  is  on  comparison,  both  in  the  physical  context  (tec  hnical  effectiveness)  and 
the  economic  context  (cost-benefit).  Within  the  framework  of  wtV.pon  systems  anaKsis,  physical  and 
economic  assessments  should  be  made  as  an  integrated  activity. 

As  a  weapon  system  progresses  through  successive  fife  cycle  phases,  technical  estimates  become 
more  definitive,  allowing  further  refinement  of  the  cost  estimates.  Conversely,  the  more  definitive  the 
cost  estimate,  the  greater  the  capability  t  j  delineate  system  design  alternatives  which  will  optimize  ef¬ 
fectiveness  per  unit  of  effort  or  “xpenditure.  Ihe  overall  objective  is  to  determine  the  weapon  system  or 
weapon  system  alternatives  which  <£iie.e  the  best  balance  between  tost  and  technical  effectiveness  in 
combat. 

Cost  analysis  is  a  disciplined  process  founded  in  consistent  and 
timating  techniques  and  methodology.  Therefore,  in  order  to  provi 
meaningful  and  appropriate  to  the  derision  at  hand,  it  is  tecessary 
developed  with  which  to: 

I.  Relate  the  costs  of  weapon  system  design  alternatives,  in  a  dr 


uniform  application  of  cost  es- 
ide  cost  ,  comparisons  which  are 
that  a  visible  cost  framework  be 


mform  manner,  to  s  .stem  objec¬ 


tives 


2.  Provide  «•  structure  to  relate  costs  to  the  decision  process  alnd  budget  programs 


W  the  cost  estimates  themselves. 


3.  Provide  a  traceable  path  to  assess  the  validity  and  accuracy  i 
Subsequent  paragraphs  of  this  chapter  will  address  briefly  this  frardework  of  cost  analysis  within  the 
Army  and  some  com iderat ions  in  applying  cost  analysis  techniques  and  methodology  to  weapon 
assessment  problems. 
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34-2  THE  FRAMEWORK  OF  COST  ANALYSIS 

The  concepts  of  cost  comparison  and  cost  estimating  are  fundamental  to  the  cost  analysis  approach. 
In  the  early  conceptual  stage  of  a  weapon  systems  analysis,  requirements  are  characterized  by 
numerous  uncertainties.  The  objective  in  developing  cost  estimates  during  this  preliminary  stage  is  to 
provide  gross  estimates  of  the  comparative  life  cycle  costs  of  competing  alternatives,  identifying  the 
most  significant /ost  relationships  wherever  practical.  During  successive  stages  ol  the  weapon  system 
life  cycle,  when  system  parameters  and  technical  requirements  become  definitive,  a  more  refined  cost 
estimate  can  be  developed. 

Throughout  the  costing  prc  ~ess,  the  focus  is  on  cost  estimating  rather  than  detailed  and  precise  cost 
projections  in  the  normal  accounting  sense.  Such  an  approach  is  necessary  as  well  as  practical  since 
the  objective  is  to  present  primarily  cost  information  which  is  relevant  to  the  decision  to  be  made.  For 
certain  types  of  cost  estimates,  extraneous  cost  detail  which  does  not  contribute  materially  to  differen¬ 
tiating  the  cost  impact  of  economic  alternatives  contributes  little  to  the  final  technical  decision  and.  in 
fac  t,  may  waste  some  project  time.  For  example,  if  the  same  mechanized  component  support  hem  is 
common  to  two  design  alternatives  and  its  fuel  consumption  rates  historically  have  been  evaluated  at 
10%  of  operating  hours,  detailed  cost  comparisons  based  on  fuel  consumption  rates  may  be  relatively 
meaningless. (Major  system  decisions  should  be  made  on  full  100%  life  cycle  costs,  including  sunk 
costs,  non-add  items,  "wash  costs’’*,  etc.  Traditionally,  cost  and  operational  effectiveness  analyses 
(COEA)  do  not  consider  "wash  costs”  at  all.) 

If  one  assumes  the  usage  rate  of  some  component  is  different  for  each  alternative,  i.e.,  differences  in 
quantity  required  or  weapon  system  operating  characteristics,  the  relevant  costs  may  be  those  -elated 
to  operating  hours.  Further,  such  differential  may  be  expressed  adequately  as  a  percent  increase  in 
total  opeiating  costs  for  one  alternative  over  the  other  based  on  usage  rates.  In  short,  the  cost  es¬ 
timating  process  seeks  to  compare  the  relevant  differences  in  cost  per  unit  of  effectiveness  sought  in 
determining  the  economic  merits  of  competing  alternatives. 

34-2.1  CONSISTENCY  AND  UNIFORMITY  OF  COSTING  PROCEDURES 

A  valid  cost  comparison  requires  that  cost  parameters  receive  standard  treatment  and  that  costs  be 
expressed  in  compatible  units.  Uniformity  and  consistency  are  the  cornerstones  of  cost  analysis  and 
they  serve  to: 

1  Facilitate  the  development  of  cost  relationships  which  accurately  reflect  the  comparative 
economic  merit  of  competing  alternatives 

2.  Promote  compatible  cost  categories  and  cost  information  systems  within  the  Army  and 
Department  of  Defense  (DOD)  to  support  costing  efforts 

3.  Provide  a  means  of  relating  resources  to  budgets  in  order  that  funds  may  be  programmed  for 
system  development. 

Uniform  treatment  of  cost  elements  is  also  necessary  to  assure  the  relevancy  of  economic  com¬ 
parisons  among  alternatives.  For  example,  evaluation  of  supporting  oata  for  two  alternative  items  may 
reveal  quite  similar  costs.  Further  investigation,  however,  may  show  that  the  basis  of  the  cost  estimate 
supporting  one  alternative  was  expressed  in  constant  dollars  while  the  basis  of  the  other  was  current 
dollars  --  a  fact  not  necessarily  documented  in  the  original  source  data.  In  this  case,  the  preliminary 
estimate-  therefore  did  not  reflect  a  valid  cost  comparison. 

*'  *V ash  rcw»"  ha*  been  used  to  describe  identic ll  costs  —  ignored  in  evaluation  —  for  two  or  more  competing  system*. 
“Wash  costs"  is  not  an  official  term. 
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Another  reason  for  uniform  and  consistent  costint,  procedures  is  to  promote  standardization  in  cost 
documentation  and  data  bases.  Cost  estimates  are  generally  developed  using  one  of  two  basic  ap¬ 
proaches  or  methodologies.  First,  they  may  be  developed  using  historical  cost  records  and  past  cost 
analysis  studies  which  provide  either  directly  relatable  cost  experience  on  similar  systems,  or  cost  in¬ 
formation  on  dissimilar  systems  having  certain  characteristics  analogous  to  the  system  to  be  costed. 
This  approach  is  the  parametric  or  "top-down  "  approach.  Unfortunately,  expeditious  and  accurate 
development  of  cost  relationships  is  handicapped  by  the  incompatability  of  much  of  the  available 
historical  data  —  i.e.,  differences  in  cost  categories,  cost  elements,  level  of  aggregation,  units  of 
measure,  constant  dollars  vs  current  dollars,  and  other  disparities.  'I  hc-efore,  much  time  and  effort 
must  be  devoted  to  manual  data  search,  data  validation,  and  appropriate  adjustment  before  cost  es¬ 
timating  relationships  can  be  developed.  Second,  cost  estimates  may  be  developed  using  the  engineer¬ 
ing  or  "bottoms-up""  approach  where  each  part  is  estimated  or  priced  and  then  summed  to  derive  the 
relevant  total  cost.  Recognition  of  this  problem  has  resulted  in  directive  efforts  by  1)01)  and  the 
Department  of  the  Army  (DA)  to  promote  consistency  and  uniformity  in  cost  analysis  procedures. 
Army  Regulation  (AR)  11-18  (Ref.  1)  and  Department  of  the  Army  Pamphlets  (DA  PAM)  11-2 
through  11-5  (Refc  2-5)  outline  the  policy  of  the  Army  Cost  Analysis  Program.  These  documents 
further  identify  the  responsibilities  of  the  Army  Staff  and  Commands  in  supervising  the  development, 
operation,  and  flow  of  an  Army-wide  uniform  system  of  cost  analysis  within  the  DOD  Acquisition 
System  (Ref.  6).  Army  cost  analysis  offices  are  required  to  maintain  close  coordination  with  research 
and  development  activities,  procurement  and  production  activities,  and  project  managers  to  obtain 
their  input  to  cost  analysis  programs. 

Consistent  and  uniform  costing  procedures  also  assist  in  equitably  relating  resource  cost  to  budget 
programs.  In  the  final  analysis,  limited  budgets  control  the  total  commitment  of  resources,  and 
weapon  system  costs  must  be  related  to  budget  accounts  so  that  funds  can  be  programmed  to  accom¬ 
plish  Army  force  posture  objectives  The  major  Army  budget  program  accounts  to  which  weapon 
system  development,  investment,  and  operating  costs  are  charged  are: 

1.  Research,  Development,  Test,  and  Evaluation  (RDTE) 

2.  Procurement  Appropriation  (aircraft  missiles,  weapons,  ammunition,  other)  (PA) 

3.  Military  Personnel  Army  (MPA) 

4.  Military  Construction  Army  (MCA) 

5.  Operation  and  Maintenance  Army  (OMA). 

34-2.1.1  Cost  Categories 

Consistency  in  developing  cost  estimates  requires  uniformity  in  the  manner  in  which  costs  arc 
developed.  The  major  military  groupings  of  costs  throughout  the  life  of  a  weapon  system  correspond  to 
the  program  phases  in  which  costs  are  incurred.  These  are  (Refs.  2-4): 

1 .  Research  and  Development.  Those  costs  resulting  from  applied  research,  engineering  design, 
analysis,  development,  te-t,  evaluation,  and  management  of  development  efforts  related  to  a  specific 
materiel  system.  Examples  of  major  cost  categories  are: 

a.  Development  engineering 

b.  Producibility  engineering  and  planning  (PEP) 

c.  Prototype  manufacturing 

d.  System  test  and  evaluation 

e.  Tc.’ling 

f.  System/project  management 
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g.  Research  and  Development  (R&D)  facility  construction 

h.  Training  services  and  equipment. 

2.  Investment  Nonrecurring.  Those  cost  elements  which,  generally  occur  only  once  in  the  pro¬ 
duction  cycle  of  a  weapon/support  system.  Examples  of  major  cost  categon.es  are: 

a.  Initial  production  facilities 

b.  Industrial  facilities/production  base  support. 

3.  Investment  Recurring.  Those  cost  elements  which  occur  repeatedly  in  the  production  ot  a 
weapon/support  system  or  its  component,  including  the  costs  of  delivery  to  the  user.  Examples  of  ma¬ 
jor  cost  categories  are: 

a.  Manufacturing 

b.  Engineering  changes 

c.  System  test  and  evaluation 

d.  Initial  spares  and  repair  parts 

e.  Transportation 

f.  Training  services  and  equipment 

g.  System/project  management. 

4.  Operating  and  Support  Costs.  Those  direct  costs  resulting  from  the  operation,  maintenance, 
and  consumption  of  materials  and  supplies  for  a  weapon/support  system  after  acceptance  into  the 
Army  inventory.  Examples  of  major  categories  art:  > 

a.  Military  personnel  costs  ». 

b.  Depot  maintenance 

c.  Replacement  training 

d.  Replenishment  spares  and  repair  parts 

e.  Unit  training,  ammunition  and  missiles 

f.  Petroleum,  oils,  and  lubricants  (POL). 

Fig.  34-1  shows  a  typical  distribution  of  system  dollar  expenditures  over  time  (.cost  streams)  for 
R&D,  investment,  and  operating  and  support  (O&S)  costs  over  the  life  of  a  weapon  system. 

54-2.1.2  Work  Breakdown  Structures 

Department  of  Defense  Directive  5010.20  (Rer  7)  establishes  the  policy  governing  the  preparation 
and  application  of  a  work  breakdown  structure  (WBS)  for  use  during  the  acquisition  of  systems, 


Figure  34-1.  Typical  Cost  Stream  Pattern  Over  a  Weapon  System  Lifetime 


( 
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equipment,  and  materiel  items.  The  program  objective  of  the  WBS  as  given  in  Ref.  7  is  to  provide  a 
consistent,  visible  cost  framework  that  facilitates: 

“A.  Planning  and  assigning  management  and  technical  responsibility;  and, 

“B.  Controlling  and  reporting  the  progress  and  status  of  engineering  efforts,  resource  allocations, 
cost  estimates,  expenditures,  and  procurement  actions  throughout  the  development  and  production  ot 
a  defense  materiel  item.” 

The  criteria  for  the  preparation  of  military  WBS’s  are  prescribed  in  Military  Standard  881  (Ref.  8). 
Refs.  1  and  2-4  establish  weapon/support  life  cycle  cost  structures  and  definitions  for  cost  categories 
and  elements  in  support  of  the  W  BS  defined  in  Ref.  8.  The  WBS  is  a  product  oriented  family  tree  of 
hardware,  software,  services,  and  other  work  tasks  which  completely  defines  the  project  program.  Fig. 
34-2  illustrates  in  a  conceptual  matrix  the  relationship  between  the  cost  categories  of  Refs.  2-4  and  ele¬ 
ments  of  a  typical  WBS  for  a  major  materiel  item. 

The  work  breakdown  structure  was  developed  to  assure  that  the  uniformity  objectives  of  Ref.  7  are 
met  and  that  the  approach  to  the  development  of  the  first  three  levels  of  cost  breakdown  are  consistent 
as  a  minimum.  The  three  levels  are  defined  in  Ref.  8  as: 

1.  Level  1.  An  entire  defense  materiel  item,,  e.g.,  the  XM138  Self-Propelled  Howitzer  System 
(hardware,  software,  services).  This  level  usually  is  identified  in  the  DOD  programming/budget 
system  either  as  an  integral  program  element  or  as  a  project  within  an  aggregate  program  element. 

2.  Level  2.  A  major  element  of  the  defense  materiel  item,  e.g.,  an  aircraft,  a  missile,  a  track  vehi¬ 
cle  such  as  the  XM1  main  battle  tank;  or  an  aggregation  of  services  or  activities,  e.g.,  system  test  and 
evaluation.  Within  Army  system  development  programs,  this  level  will  normally  be  a  major  end  item. 

3.  Level  3.  Elements  subordinate  to  Level  2  major  elements  —  e.g ,  an  airframe,  lai  nch  and 
guidance  control  equipment,  or  the  power  package  drive  train  of  the  XM1  tank. 

By  the  use  of  the  WBS  categories  as  guidelines,  costs  can  be  subdivided  or  aggregated  into  cost  ele¬ 
ments  which  relate  directly  to  design  and  performance  variables.  A  further  breakdown  of  a  WBS  Level 
3  item  into  essential  components  is  provided  in  Ref.  9. 

34-2.1  3  Major  Cost  Terms 

Cost  categories  and  WBS  elements  provide  an  input  framework  for  cost  analysis.  That  is,  they  assist 
in  structuring  the  resource  categories  (equipment,  facilities,  manpower,  materiel  items,  etc.)  and 
functional  categories  (maintenance,  logistics,  training,  etc.)  necessary  to  support  successiully  the 
development,  acqu'sition,  maintenance,  other  support  and  operation  of  a  proposed  weapon  system 
design  specifications  (physical,  operational,  and  performance  characteristics)  developed  to  satisfy  the 
military  need  generating  the  system  requirement. 

The  presentation  of  the  results  of  cost  analysis  involves  the  development  of  an  output  structure  which 
presents  system  life  cycle  costs  in  a  form  useful  for  assessing  the  economic  implications  of  the  weapon 
system  decision  under  consideration.  However,  specific  output  formats  are  highly  context  dependent. 
That  is,  they  depend  upon  the  scope  and  level  of  the  costing  effort,  e.g.,  individual  weapon  system 
costs,  force-mix  costs,  total  force  structure  costs;  the  evaluation  criteria  of  the  decision  maker;  the  ob¬ 
jectives  which  the  weapon  system  is  being  designed  to  achieve;  etc. 

At  a  more  general  level,  comparative  cost  estimate!  must  be  related  to  the  time-phased  application 
cf  resources  over  the  lifetime  of  a  weapon  system  and  the  impact  of  those  resource  commitments  on 
Amy  budget  appropriations.  The  latter  consideration  is  an  important  part  of  the  weapon  system  deci¬ 
sion  since  year-to-year  system  funding  requirements  must  compete  with  demands  for  funds  from  other 
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existing  and  proposed  Army  systems.  In  this  context,  general  output  cost  terms  have  been  standard¬ 
ized  to  permit  a  common  frame  of  reference  in  relating  input  cost  structures  and  budget  categories 
over  the  life  of  the  weapon  system.  The  definitions  of  these  key  cost  terms  (from  Ref.  10)  follow: 

1.  Development  Cost.  Development  cost  includes: 

a.  RDTE  funded  cost'  —  i.e.,  conceptual,  validation,  and  full-scale  development  phases  from 
the  point  the  program/system  is  designated  by  title  as  a  program  or  system 

b.  All  costs  —  both  contract  and  in-house  —  of  the  research  and  development  cost  categorv  to 
include  the  cost  of  specialized  equipment,  instrumentation,  and  facilities  required  to  support  the 
RDTE  contractor  and/or  Govsrment  installation. 

2.  Flyaway  (rollaway)  Cost.  Flyaway  is  used  as  a  generic  term  related  tc  the  creation  of  a  usable 
end  item  of  hardware/software.  Flyaway  cost  includes: 

,  a.  WBS  elements  of  major  system  equipment  such  as  structure,  propulsion,  electronics,  and 
Goverment  furnished  equipment  (GFE) 

b.  System/project  management,  and  system  test  and  evaluation  if  any  of  the  system  text  and 
evaluation  effort  is  funded  by  procurement  funds 

c.  Procurement  funded  costs 

d.  All  costs  —  both  contract  and  in-house  —  of  the  production  nonrecurring  and  recurring 
cost  categories  to  include  allowances  for  engineering  changes,  warranties,  and  first  destination 
transportation  unless  first  designation  transportation  is  a  separate  budget  line  item. 

3.  Weapon  System  Cost.  Weapon  system  cost  includes: 

a.  The  same  WBS  elements  as  in  Flyaway  Cost  —  i.e.,  major  system  equipment,  system/proj¬ 
ect  management,  system  test  and  evaluation  (if  any  of  the  system  test  and  evaluation  effort  is  funded 
by  procurement  funds)  plus  WBS  elements  of  training,  peculiar  support  equipment,  data, 
operational/site  activation,  and  industrial  facilities  unless  industrial  facilities  are  funded  as  a  separate 
budget  line  item  or  by  RDTE  funds 

b.  Procurement  funded  costs 

c.  All  costs  —  both  contract  and  in-house  —  of  the  production  nonrecurring  and  recurring 
cost  categories  to  include  allowances  for  engineering  changes,  warranties,  and  first  destination 
transportation  unless  first  destination  is  a  separate  budget  line  item. 

4.  Procurement  Cost.  Procurement  cost  includes: 

a.  The  same  WBS  elements  as  in  weapon  system  cost  —  i.e.,  major  system  equipment 
system/project  management,  system  test  and  evaluation  (if  any  of  the  system  test  and  evaluation  effort 
is  funded  by  procuren  r  it  funds),  training,  peculiar  support  equipment,  data,  operational  site  activa¬ 
tion,  and  industrial  facilities  (unless  industrial  facilities  are  funded  as  a  separate  budget  line  item  or  by 
RDTE  funds),  plus  the  WBS  element  of  initial  spares  and  initial  repair  parts 

L.  Procurement  funded  costs 

c.  All  costs  —  both  contract  and  in-house  —  of  the  production  nonrecurring  and  recurring 
cost  categories  to  include  allowances  for  engineering  changes,  warranties,  and  first  destination 
transportation  unless  first  destination  transportation  is  a  separate  budget  line  item. 

5.  Program  Acquisition  Cost.  Program  acquisition  cost  consists  of  development  costs,  procure¬ 
ment  costs,  and  any  construction  costs  which  are  H  c^rect  support  of  a  system  or  project.  Program  cost 
and  program  acquisition  cost  are  synonymous  >.  ins.  Program  acquisition  cost  includes: 

a.  The  WBS  elements  of  major  system  equipment,  system/project  management,  system  test 
and  evaluation  (except  operational  r  _ :  and  evaluation  funded  from  military  personnel  funds  or  opera¬ 
tion  and  maintenance  funds),  training,  peculiar  support  equipment,  data,  operational/site  activation, 
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industrial  facilities  (unless  industrial  facilities  are  funded  from  procurement  funds  as  a  separate 
budget  line  item),  initial  spares,  and  initial  repair  parts 

b.  RDTE,  procurement,  and  military  construction  funded  costs 

c.  All  costs  -i—  both  contract  and  in-house  — of  the  research  and  development,  and  production 
(nonrecurring  and  recurring)  cost  categories  to  include  allowances  for  engineering  changes,  warran¬ 
ties,  and  first  destination  transportation  except  when  first  destination  transportation  is  a  separate 
budget  line  item. 

6.  Ownership.  Ownership  cost  encompasses  the  cost  elements  within  the  operating  and  support 
cost  category  exclusively.  O&S  costs  include  those  costs  associated  with  operating,  'modifying,  main¬ 
taining,  supplying,  and  supporting  a  weapon/support  system  in  the  inventory. 

7.  Life  Cycle  Cost.  Life  cycle  cost  includes  all  WBS  elements,  all  related  appropriations,  and  en¬ 
compasses  the  costs  —  both  contract  and  in-house  —  for  all  cost  categories.  It  is  the  total  cost  to  the 
Government  for  a  system  over  the  full  life  of  it;  and  it  includes  the  cost  of  development,  procurement, 
operation,  support,  and,  where  applicable,  disposal. 

Fig.  34-3  graphically  displays  the  relationships  between  the  seven  cost  terms,  cost  categories,  ap¬ 
propriations,  and  WBS. 

34-2.2  EMPHASIS  ON  ECONOMIC  DECISION  ALTERNATIVES 


A  decision  to  acquire  a  proposed  weapon  system  involves  a  commitment  of  future  economic 
resources  to  attain  a  specific  capability.  Since  resources  are  finite,  their  cost  to  satisfy  one  objective  is 
the  foregone  value  of  their  best  alternative  use  in  satisfying  other  objectives.  In  economic  theory,  this  is 
referred  to  as  “opportunity  costs”,  and  it  implies  that  any  resource  allocation  decision  either  directly 
or  indirectly  involves  the  consideration  of  alternatives. 

However,  the  dollar  cost  of  a  resource  allocation  decision  is  but  one  measure  of  value.  The  other  side 
of  value  is  the  return  expected  or  the  benefits  to  be  accrued  for  the  resources  consumed.  That  is,  the 
greater  economic  return  to  be  realized  from  the  alternative  use  of  resources  is  a  function  of  the  ratio  of 
benefits  to  costs,  e.g.,  the  return  is  greatest  when  “opportunity  costs”  are  minimized.  In  this  context, 
the  economic  analysis  objectives  of  AR  1 1-28  (Ref.  11)  includes  guidance  to  the  effect  that  every  effort 
should  be  made  to  examine  two  or  more  alternative  means  of  providing  the  same  type  and  level  of 
benefits  so  that  the  alternative  can  be  identified  whose  total  discounted  cost  is  lowest.  Costs  can  be  ap¬ 
propriately  measured  in  dollars,  but  not  necessarily  in  benefits.  Therefore,  various  effectiveness  measures  should 


be  calculated  and  correlated 


evaluating  alternatives,  a  prvj 
costs  (resources).  Therefore, 


tween  the  two  is  addressed 
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to  the  amount  of  resources  required. 


It  is  important  to  recognize  that  costs  have  two  dimensions: 

1.  The  value  of  resources  and  their  application  in  a  particular  system  configuration 

2.  The  socioeconomic  value  of  these  resources  as  a  function  of  the  return  expected  (benefits  to  be 
derived).  While  the  former  may  appropriately  be  measured  in  dollars,  the  latter  often  cannot  be.  In 

jdent  decision  maker  can  be  expected  to  maximize  his  return  (benefits)  for 
,  a  weapon  system  decision  cannot  unequivocably  be  based  solely  on  dollar 
costs  alone,  and  hence  the  socioeconomic  benefit  may  prove  to  be  the  margin  of  acceptability.  At  the 
very  least,  to  justify  the  inert  mental  cost  outlays  to  attain  the  new  capability,  a  comparison  would  be 
required  to  demonstrate  the  gain  in  military  capabilities  provided  by  the  new  system  over  existing 
systems. 

Cost-benefit  and  cost-effectiveness  are  often  used  interchangeably  in  current  literature,  leaving  the 
impression  that  the  two  terms  are  synonymous.  However,  they  are  different  and  the  distinction  be- 

in  the  paragraphs  that  follow. 
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34-2.2.1  Cost-Effectiveness 

Each  system  design,  employing  resources  in  a  specific  configuration,  has  associated  with  it  certain 
attributes  related  to  standards  of  technical  efficiency  or  operational  effectiveness  which  car.  be  quan¬ 
tified.  Specifically,  the  physical  characteristics  of  a  piece  of  equipment  —  such  as  its  size,  shape, 
weight,  type  of  construction  materials,  and  operating  design  characteristics  —  can  be  associated  with 
various  standards  of  durability,  maintainability,  ease  of  operation  and  use,  etc.,  to  develop  quan¬ 
tifiable  measures  of  effectiveness.  Similarly,  the  effectiveness  of  a  proposed  operational  procedure  can 
be  measured  using  comparative  standards  of  man-hours  saved,  number  of  procedural  actions  con¬ 
solidated,  reductions  in  setup  time  or  assembly  time,  etc.  These  and  other  examples  of  system  benefits 
can  be  quantified  in  terms  of  returns  accrued  for  the  resources,  or  the  cost  of  resources,  consumed. 
These  quantifiable  system  attributes  are  normally  the  basis  for  what  is  termed  “cost-effectiveness”  in 
support  of  comparisons  among  System  alternatives.  Comparisons  are  based  on  quantifiable,  tangible, 
physical,  operational,  and  performance  merits  of  each  alternative. 

34-2.2.2  Cost  Benefit 

Each  alternative  also  has  “benefit"  attributes  which  are  intangible  and  related  to  the  various  ievels 
of  abstraction  which  are  not  subject  to  explicit  quantification.  These  might  be  termed  the  ‘‘extra 
dimension”  value  of  alternatives  relative  to  sociopolitical  considerations,  externa!  and  internal  en¬ 
vironmental  influences,  and  other  qualitative  factors.  The  importance  of  such  intangible  benefits 
should  not  be  underestimated  because  they  can  be  the  overriding  consideration  in  making  a  weapon 
system  decision.  Some  examples  of  nonquantifiable  benefit  considerations  might  include: 

1 .  Political  acceptability.  Does  the  proposed  weapon  system  alternative  present  such  a  significant 
arms  escalation  as  to  Cause  a  reaction  on  tht  part  of  a  major  foreign  power? 

2.  Horizon  technology.  Are  there  indications  that  a  technological  breakthrough  is  imminent 
which  will  make  the  proposed  system  obsolete  before  its  useful  lifetime  >s  realized?  Therefore,  would  a 
cheaper  and  less  durable  system  be  more  beneficial  in  the  long  run  than  the  preferred  alternative  for 
which  the  cost-effectiveness  ratio  is  Highest  ?  Would  such  a  trade-off  compromise  result  in  a  higher  loss 
of  human  life? 

3.  External  organizational  influences.  Is  another  alternative  more  compatible  with  overall  Army- 
mission  objectives,  although  less  cost-effective  in  terms  of  specified  , mission  objectives?  Would 
proposed  new  concepts  in  logistics,  operations,  and  training  have  a  significant  :mpact  on  any  of  the 
proposed  alternatives? 

4.  Human  factors.  How  much  radiation  shielding  (increase  in  weight)  is  required  relative  to  the 
specified  mission  environment?  How  might  this  reduce  maneuverability  and  hence  raise  tre 
vulnerability  of  other  mission  essential  combat  elements?  Does  the  design  configuration  present  a 
significant  safety  hazard  under  present  refueling  procedures?  Are  proposed  operating  procedures  com¬ 
patible  with  organizational  manning  levels?  Will  they  cause  an  increase  in  labor  burden  resulting  in 
fatigue  (higher  accident  rates)  or  lower  morale? 

These  and  other  intangibles  are  considered  in  making  rational  resource  allocation  decisions.  Not 
only  are  they  often  difficult  to  quantify,  but  assigning  a  cost  value  to  them  may  often  be  meaningless. 

For  example,  how  can  a  cost  be  associated  with  the  value  of  human  life?  However,  these  intangibles 
should  be  an  integral  part  of  a  thorough  economic  analysis,  and  their  impact  on  the  weapon  system 
decision  must  be  assessed  subjectively  and/or  qualitatively,  as  by  consensus  of  expert  opinion,  priority  i- 

ranking,  etc.  The  utility  of  a  weapon  system  is  a  function  of  the  political  and  social  system  it  serves.  \ 


34-10 


DARCOM  P  706  102 


Therefore,  the  benefits  of  a  particular  system  cannot  be  assessed  solely  on  the  basis  of  technical  effcc- 
.  tiveness  per  unit  of  resource  (cost)  expended.  Often,  a  less  effective  and/or  more  costly  alternative  may 
be  acceptable.  From  a  technical/scientific  point  of  view,  the  difference  between  use  of  a  nuclear 
weapon  and  an  equivalent  amount  of  conventional  bombs  is  the  efficiency  in  delivery  of  the  former. 
From  a  political/sociai  viewpoint,  the  use  of  nuclear  weapons  would  have  serious  international 
significance. 

,  The  broader  issues  of  “benefit”  analysis  are  beyond  the  scope  and  purpose  of  this  handbook,  which 
is  oriented  toward  the  quantitative  attributes  of  benefits  or  “cost-effectiveness”  considerations.  The 
subject  of  cost  benefit  has  been  introduced  here  only  to  promote  an  awareness  of  the  fact  that  (1)  any 
resource  allocation  decision  inherently  involves  consideration  of  alternatives,  and  (2)  the  value,  or 
merits,  or  a  particular  alternative  cannot  always  be  based  solely  on  quantitative  system  characteristics 
versus  costs. 

34-2.2.3  Cost  Comparisions 

Estimates  of  cost-effectiveness  are  based  on  two  fundamental  approaches  (Ref.  12): 

“1.  Fixed  effectiveness  approach.  For  a  specified  level  of  effectiveness  to  be  attained  in  the  accom¬ 
plishment  of  a  given  objective,  the  analysis  attempts  to  determine  which  alternative  (or  feasible  com¬ 
bination  of  alternatives)  is  likely  to  achieve  the  specified  level  of  effectiveness  at  lowest  economic  costs. 

“2.  Fixed  budget  approach.  For  a  specified  cost  level  to  be  used  in  attainment  of  a  given  objective, 
the  analysis  attempts  to  determine  that  alternative  (or  feasible  combination  of  alternatives)  which  is 
likely  to  produce  highest  effectiveness.”. 

While  the  initial  approach  taken  in  a  cost-effectiveness  analysis  might  be  directed  toward  optimizing 
one  or  the  other  of  these  objectives,  in  practice  (as  additional  considerations  and  constraints  are  un¬ 
covered)  the  overall  objective  usually  becomes  one  of  maximizing  effectiveness  per  unit  of  cost  or 
minimizing  costs  per  unit  of  effectiveness.  The  final  presentation  of  results  may  be  a  comparison  of 
cost-effectiveness  curves  such  as  displayed  in  Fig.  34-4  with  appropriate  supporting  information  in¬ 
dicating  the  sensitivity  of  alternative  choices  to  effectiveness  level.  In  this  case,  alternative  A  is  most 
cost-effective  at  higher  cost  levels  while  alternative  C  is  more  cost-effective  at  lower  cost  levels. 

In  making  cost-effectiveness  comparisons,  it  is  also  important  to  recognize  that  costs  must  be  com¬ 
parable  over  time  with  respect  to  both: 

,1..  The  life  cycle  phase  (R&D,  investment,  and  O&S)  within  which  costs  will  be  incurred 

2.  The  total  life  cycle  costs  of  each  alternative. 

Fig.  34-5  illustrates  the  fact  that  weapon  system  design  alternatives  often  have  diverse  cost  stream 
patterns  over  their  respective  life  cycles.  We  might  assume,  for  example,  that  each  alternative  has 
system  characteristics  as  shown  in  Table  34-1.  While  the  characteristics  of  the  three  hypothetical 
design  alternatives  in  the  example  are  exaggerated  to  illustrate  a  concept,  in  practice  there  are  many 
cases  where  radically  different  proposals  have  been  made  to  satisfy  a  weapon  system  objective. 

34-2.2.4  Weapon  System  Cost  Characteristics 

In  the  example  given,  there  are  many  important  trade-offs  which  must  be  evaluated  with  respect  to 
how  much  and  when  resource  costs  will  be  incurred,  the  returns  expected  from  each  alternative 
relative  to  internal  and  external  system  influences,  year-to-year  budget  limitations  in  each  of  the  Army 
appropriation  categories,  and  competing  demands  on  resources  by  existing  and  other  proposed 
weapon  system  development  programs,  etc.  Some  of  the  more  important  considerations  in  reaching 
weapon  system  cost-effectiveness  comparisons  a rt  discussed  in  the  next  paragraphs. 
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Figure  34-4.  Conceptual  Cost-Effectiveness  Comparison 


1979 


34-2 J  RELEVANCY  OF  COSTS 

Development  of  the  input  cost  structures  (WBS  elements  and  cost  categories)  described  in  previous 
paragraphs,  although  essential  to  the  cost  analysis  approach,  serve  only  as  a  point  Of  departure  in 
making  cost-effectiveness  comparisons.  That  is,  they  provide  a  viable,  co. distent,  and  omparable 
framework  for  describing  the  cost  associated  with  each  weapon  system  alternative. 
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TABLE  34-1.  HYPOTHETICAL  ALTERNATIVE  WEAPON  SYSTEM 
COST  CHARACTERISTICS 


Life  Cycle 

Costs 

Alternative  System  A 

Alternative  System  B 

Alternative  System  C 

R&D 

Extensive  modification  to 
existing  weapon  system 

New  weapon  system 

New  weapon  system 

Low  to  moderate  technology 

Moderate  technology 

High  technology 

Moderate  multiple  mission 
adaptability 

Moderate  multiple  mission 
adaptability 

High  multiple  mission 
adaptabilit'y 

Investment 

Existing  assets;  real  estate 
plant  and  equipment 

Existing  assets;  real  estate, 
same  plant 

New  assets  required 

i 

Moderate  support  system 
retrofit  costs 

Moderate  supporjihardwaie) 
system  development 

Extensive  support  (hardware) 
system  development 

High  deve'opment  "learning 
curve" 

Moderate  development 
“learning  curve” 

Minimum  development 
“learning  curve” 

Minimum  training  require- 
m-nts 

Moderate  training  required 

High  training  requirements 

More  units  required 

Less  number  of  units  required 

Minimum  number  of  units 
required 

O&S 

High  operating  costs 

Moderate  operating  costs 

Low  operating  costs 

High  maintenance  costs 

Moderate  to  high  mainte¬ 
nance  costs 

Low  maintenance  costs 

High  replacement  costs 

Low  replacement  costs 

High  replacement  costs 

A  subsequent  step  in  cost  analysis  is  to  determine  which  costs  are  relevant  in  making  a  valid  com¬ 
parison  of  the  merits  of  each  alternative.  Which  costs  are  relevant  depends,  in  turn,  on  the  scope  and 
level  of  the  cost  estimate  required  and  the  criteria  specified  for  evaluating  alternatives.  Normally,  for 
major  weapon/support  systems,  all  life  cycle  costs,  including  sunk  and  “wash  costs”,  are  included  and 
documented  for  decision  purposes  and  historic  cost  track  visibility. 

Cost  relevancy  may  also  be  related  to  the  difficulty  in  distinguishing  variable  cost  elements  from 
those  that  are  fixed,  and  wh?t  share  of  fixed  costs  are  to  be  included  as  valid  determinants  of  total 
costs.  US  Army  Materiel  Command  supplement  io  AR  37-13  cautions  that: 

“Substantial  distortion  can  be  introduced  (into  the  cost  estimate)  by  applying  to  direct  costs  an 
overhead  rate  based  on  both  variable  and  fixed  cost  overhead  elements.  The  overhead  cost  accounts 
should  be  examined  to  identify  any  costs  that  would  be  the  same  for  all  alternatives.  Such  fixed  costs 
may  be  applied  in  the  same  dollar  amount  (rather  than  rate)  to  all  alternatives;  or  particularly  (when 
making  cost  comparisons  to  identify  the  least  costly  of  several  project  alternatives)  they  might  be  ex¬ 
cluded  from  all  alternatives  as  ‘wash  items’.” 

Implicit  in  this  guidance  is  the  admonition  that  only  the  portion  of  fixed  costs  which  change  as  a 
result  of  differences  in  investment  between  alternatives  should  be  included  in  the  cost  comparison. 
Fixed  costs  which  are  common  to  each  alternative  or  which  do  not  change  significantly  with  changes  in 
variable  costs  do  not  materially  affect  the  decision  to  be  made;  hence  they  should  not  be  included  in 
the  cost  comparison  for  historic  cost  tracking  purposes  and  cost  visibility. 
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34-2.3.1  External  and  Internal  Costs 

Deciding  which  costs  to  include  in  the  cost  estimate  must  begin  with  establishing  bounds  to  the 
costing  problem.  Differentiating  internal  from  external  costs  defines  the  scope  of  the  costing  effort.  It 
involves  a  determination  of  how  much  weight  and  value  should  be  given  to  cost  influences  which  bear 
on  the  weapon  system  program  for  which  alternatives  have  been  identified.  External  costs  have  been 
defined  bv  G.  H.  Fisher  (Ref.  12)  as  those  .  .  that  fall  beyond  the  boundaries  of  the  decision  maker’s 
organization  or  beyond  the  scope  of  interest  of  the  cost  analyst’s  customer.”.  More  specifically,  which 
costs  are  external  depends  upon  the  type  of  cost  estimate  required  —  e.g.(  individual  weapon  system 
cost  comparisons,  force-mix  costing,  total  force  structure  costing,  and  the  level  at  which  the  final 
weapon  system  decision  will  be  made.  Obviously,  if  the  cost  analysis  is  directed  toward  developing 
comparative  cost  estimates  for  a  single  vrapon  system,  e.g.,  a  tank,  concurrent  developments  in  other 
Army  weapon  systems  most  likely  •.•»!•  have  limited  impact  on  the  decision  to  be  made.  On  the  other 
hand,  if  the  cost  cnaiysis  is  directed  toward  the  determination  of  the  total  force  structure  impact  of  a 
weapon  system;  past  and  future  weapon  system  development  programs  become  internal  to  the 
analysis. 

As  a  practical  mat  ter,  the  time  available  to  develop  the  cost  estimate  will  dictate  to  a  large  extent  the 
detail  to  bt  considered  in  the  costing  effort,  thereby  forcing  concentration  on  those  major  costs  which 
directlv  affect  the  decision  to  be  made.  While  this  may  result  in  some  degree  of  suboptimization,  this  is 
partiidl)  offset  by  the  diseconomies  or  marginal  returns  from  a  more  extensive  (and  therefore  more 
costlv)  cost  development  effort. 


34-2.3.2  Direct  and  Indirect  Costs 


The  particular  charges  to  include  in  a  weapon  system  cost  estimate  have  been  the  subject  of  continu¬ 
ing  debate  and  revision.  Jn  general,  all  costs  which  can  be  traced  to  hardware,  direct  consumption  of 
material,  or  personnel  who  directly  operate  or  maintain  the  system  arc  direct  charges  to  the  system. 

The  difficulty  often  arises  in  determining  what  prorated  share  of  indirect  costs  —  e.g.,  maintenance, 
shared  assets,  line  item  logistic  management  —  should  be  included  in  the  cost  estimate.  The  general 
guidelines  in  Ref.  11  and  the  definition  of  costs  to  be  included  in  various  cost  elements  within  cost 
categories  established  by  Refs.  1-4  should  be  consulted  for  an  indication  of  the  costs  to  be  charged  to  a 
weapon  system  development  program.  Questionable  cost  items,  when  encountered,  should  be  re¬ 
ferred  to  higher  authority  for  evaluation. 

However,  in  consonance  with  the  objective  of  developing  comparative  estimates,  a  preferable  ap¬ 
proach  is  to  include  in  the  final  cost  estimate  those  costs,  direct  and  indirect,  which  would  be  affected 
by  one  of  the  alternatives.  Costs  which  will  be  incurred  regardless  of  the  alternative  chosen,  or  which 
are  equally  applicable  to  each  alternative,  are  not  always  relevant  for  making  comparisons  to  identify 
the  least  costly  system  and  hence  may  be  of  little  value  in  supporting  the  decision  to  be  made. 
However,  total  life  cycle  costs  are  required  for  budget  purposes;  the  “delta  costs”  or  cost  variance 
among  alternatives  will  not  suffice. 

34-2.3.3  Recurring  and  Nonrecurring  Costs 

The  classification  of  cost  elements  into  recurring  and  nonrecurring  costs  is  essential  to  the  time-, 
phased  economic  comparison  of  life  cycle  costs  for  competuig  system  alternatives.  In  general,  non- 
1  recurring  costs  are  'hose  associated  with  research  and  development  and  those  that  occur  only  once  in 

1  !  the  investment  phase  (and  usually  independent  of  the  size  of  the  buy).  Recurring  costs  are  those  that 

I  are  incurred  repeatedly  in  the  production  cycle  (and  are  dependent  upon  the  size  of  the  buy)  and  the 
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cost  associated  with  wear-out  replacement  items,  operations,  and  maintenance.  Ref.  3  provides  some 
guidelines  lor  classification  of  recurring  and  nonrecurring  costs. 

The  purpose  ol  separating  recurring  from  nonrecurring  cost  elements  is  to  facilitate  determination 
of  variable  costs  as  a  function  of  the  buy-quantity  changes  and  variations  in  operational  requirements. 
Each  system  design  alternative  will  incur  certain  fixed  costs  regardless  of  the  number  of  units  of  the 
system  to  be  procured  or  the  length  of  time  they  will  see  service.  Therefore,  to  determine  the  cost  of 
each  alternative  for  a  specified  effectiveness  level,  or  conversely,  to  determine  differences  in  effec¬ 
tiveness  levels  for  a  given  cost,  trade-offs  are  generally  made  in  variable  cost  elements.  Further,  weapon 
system  development  programs  are  often  subject  to  design  changes,  engineering  changes,  performance- 
requirement  changes,  schedule  changes,  procurement  level  changes,  etc.  Separation  of  costs  into 
recurring  and  nonrecurring  elements  provides  greater  flexibility  in  assessing  the  cost  impact  of  such 
changes. 

34-2.3.4  Emphasis  on  Incremental  Costs 

Incremental  costing  usually  refers  to  the  additional  costs  associated  with  some  increase  in  capability 
or  effectiveness.  Since  each  new  weapon  system  evolves  from  some  base  of  military  resources  (ad¬ 
vanced  R&D  studies,  expansion  of  maintenance  and  training  facilities,  etc.),  costs  are  viewed  from  the 
perspective  of  both  the  total  absolute  life  cycle  costs  and  the  additional  resources  necessary  to  develop, 
field,  and  operate  the  new  system.  In  essence,  these  are  the  costs  over  which  the  decision  maker  has 
control.  Some  of  the  more  significant  considerations  in  determining  the  incremental  costs  of  a  new 
system  are  identified  and  briefly  described  in  the  paragraphs  that  follow. 

34-2.3.4.1  Sunk  Costs 

Costs  which  have  been  incurred  as  a  result  of  past  decisions  may  not  be  relevant  to  many  current 
weapon  system  decisions  under  consideration.  Also  they  may  not  be  part  of  the  incremental  costs  rele¬ 
vant  to  the  current  weapon  systems  decision  either.  Such  “sunk”  costs,  therefore,  may  not  represent 
meaningful  alternatives  because  funds  or  resources  have  already  been  expended,  whether  used  in  sup¬ 
port  of  the  new  system  or  not.  Consider  the  costing  problem  for  three  competing  systems  —  A,  B,  and 
C  —  in  Fig.  34-5,  and  assume  system  A  represents  a  weapon  system  design  alternative  for  which  J3 
million  in  R&D  funds  have  been  expended  as  part  of  a  previously  cancelled  development  program, 
whereas  no  R&D  funds  have  been  expended  for  systems  B  and  C.  The  $3  million  already  spent  repre¬ 
sents  a  sunk  cost  no  matter  which  alternative  —  A,  B,  or  C  —  is  chosen  and  therefore  should  be  in¬ 
cluded  in  the  cost  comparison,  but  explicitly  identified  as  sunk,  i.e.,  not  relevant  to  the  decision  at  that 
point  in  time*. 

34-2.3.4.2  Inherited  Assets 

Inherited  assets  are  similar  to  sunk  costs  in  that  they  may  not  be  meaningful  to  a  cost  comparison. 
For  example,  svstem  design  alternative  A  in  Fig.  34-5  may  eventually  be  described  as  a  modification  of 
an  existing  weapon  system.  In  this  case,  the  costs  associated  with  assets  of  the  older  system  —  e.g.,  real 
estate,  plant,  and  equipment  —  have  already  been  incurred  and  may  be  essentially  “free”  to  the 
proposed  systern  if  the  decision  does  not  require  replacement  of  assets  used.  Only  those  costs  which  are 
necessary  to  effect  modification  requirements  and  the  additional  costs  to  operate  and  maintain  the  new 
system  would,  in  this  case,  be  included  in  the  cost  comparison. 


•Major  system  tank  cost*  are  generally  used  and  so  specified. 
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34-2.3.4.3  Shared  Costs 

Shared  costs  are  those  which  are  shared  by  two  or  more  projects  and  often  present  a  difficult  es¬ 
timating  problem.  An  example  might  be  a  repair  facility  for  a  component  common  to  two  or  more 
weapon  systems.  The  facility  is  available  to  each  weapon  system  whether  used  or  not.  However,  how 
much  of  the  pro  rata  share  of  costs  should  be  charged  to  each  system  may  often  be  difficult  to  estimate. 
Should  the  costs  be  shared  equally,  or  on  a  cost  percentage  based  on  expected  usage  rates,  e  g., 
scheduled  maintenance  vis-a-vis  reliability  or  maintainability  parameters  plus  an  unscheduled  main¬ 
tenance  factor?  The  rationale  for  including  these  costs  and  their  relevance  must  be  explicitly  deter¬ 
mined  beforehand  to  avoid  bias  in  the  comparison  of  cost  estimates  between  alternatives. 

34-2.3.4.4  Salvage  Value 

Not  all  inherited  assets  can  be  treated  as  "cost  free”.  Many  existing  systems/support  systems  may 
have  intrinsic  value  beyond  their  useful  iifetime  to  the  project  or  mission  under  studv.  They  may  have 
residual  market  value,  salvage  value,  or  even  a  substantial  value  to  some  other  weapon  system 
program.  In  such  cases,  where  residual/salvage  value  is  significant,  an  attempt  should  be  made  to  es¬ 
timate  a  value  (in  terms  of  opportunity  costs)  to  provide  a  more  equitable  basis  for  comparison  among 
alternatives.  The  method  to  be  used  will  depend  upon  the  alternative  uses  of  the  system/subsystem 
and  could  be  based  on  commercial  scrap  value,  future  market  vaiue,  or  depreciated  value  using  a 
reasonable  depreciation  formula. 

54-2.3.4.5  Wartime  Costs 

Estimating  the  additional  cost  of  wartime  operations  —  i.e.,  additional  reserve  stocks,  ammunition, 
spares,  repair  pans,  other  consumable  items,  personnel  casualties,  wartime  attrition  factors,  etc.  —  of¬ 
ten  presents  a  difficult  problem,  particularly  in  long  range  weapon  system  development  programs  in¬ 
itiated  during  peacetime.  The  difficulty  arises  in  attempting  to  predict  the  scope  and  duration  of  a 
potential  war  in  which  the  weapon  system  will  see  service.  Because  of  this,  the  common  practice  is  to 
assume  that  all  alternatives  have  equal  wartime  capability  or  to  compare  only  the  wartime  costs 
necessary  to  sustain  operations  for  a  fixed  duration,  e  g.,  30  to  120  days,  after  hostilities  begin  until 
reinforcement/replenishment  operations  can  be  initiated. 

While  in  most  cases  this  is  a  practical  approach  (particularly  for  most  individual  weapon  system 
costing  problems),  there  are  some  costing  problems  (c.g.,  weapon  systems  in  a  force  mix)  in  which 
omission  or  limited  treatment  of  the  costs  of  wartime  operations  may  result  in  a  substantial  bias  in  the 
real  differential  costs  among  competing  alternatives  This  differential  may  be  illustrated  conceptually 
in  Fig.  34-6.  Assume  two  equally  effective  alternatives,  A  and  B,  for  which  cost-effectiveness  curves 
have  been  plotted  as  shown  in  Sections  1  and  I?  of  Fig.  34-6  (peacetime  cost  plus  the  costs  of  60  days 
sustained  combat  support  and  consumption  stocks).  In  this  example,  alternative  A  appears  to  provide 
the  greater  return  in  effectiveness  per  unit  of  cost.  However,  extending  the  cost  comparison  into  Sec¬ 
tion  III  (sustained  combat  operations  for  1  to  2  yr),  alternative  B  begins  to  show  greater  effectiveness 
returns  per  unit  of  expenditure  and  a  crossover  point  occurs  at  60  +  n  number  of  days  after  the  initia¬ 
tion  of  hostilities.  This  change  might  have  been  as  a  result  of  higher  replacement  costs  (combat  losses) 
for  alternative  A  over  replacement  costs  of  alternative  B. 

34-2.4  COSTS  ASSOCIATED  WITH  TIME 

A  complete  determination  of  the  cost  differences  among  weapon  system  alternatives  often  require 
consideration  of  the  time  value  of  resources,  i.e.,  the  amount  and  rate  at  which  resources  (funds)  a; 
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Weapon  Effectiveness  Over  Time 

Figure  34-6.  Conceptual  Cost  Crossover  Point  Under  Wartime  Conditions 

consumed  over  the  life  cycle  of  each  alternative  The  concept  involves  the  principles  of  “present  value” 
of  resources  (funds)  and  “discounting”  theory.  The  objective  is  to  assure  that  weapon  system  costs  are 
commensurable  in  both  the  static  context  (the  absolute  value  in  dollars  of  resources  consumed)  and 
the  dynamic  context  (the  alternative  value  of  resources  pver  time). 

The  life  cycle  cost  streams  generated  by  each  proposed  alternative  may  differ  significantly  (see  Fig. 
34-5).  If  it  is  anticipated  that  the  time  value  of  money  in  any  given  case  is  sufficiently  great  to  change 
the  ranking  of  choices,  a  method  must  be  employed  to  reduce  the  cost  comparison  to  a  common  frame 
of  reference,  i.e.,  the  value  in  present  dollars  of  dollar  expenditures  projected  for  future  years.  Fun¬ 
damentally,  if  the  prevailing  interest  rate  is  3%'  compounded  annually,  the  consumption  of  a  dollar 
now  is  equivalent  to  investing  tfie  dollar  for  deferred  consumption  of  $1.05  one  year  from  now.  Conver¬ 
sely,  if  the  period  of  investment  is  ten  years,  the  discounted  value  of  $1.9  million  for  consumption  ten 
years  from  today,  at  5%  interest,  is  equivalent  to  spending  $644,000.  now.  The  interest  rate,  therefore, 
is  one  measure  of  the  opportunity  cost  (see  par.  34-2.2)  of  alternative  investments  over  time. 

The  opportunity  cost  of  a  weapon  system  investment  decision  is  the  alternative  use  of  funds  to  sup¬ 
port  other  weapon  system  development  programs.  In  this  context,  the  alternative  which  defers  the  use 
of  resources  furthest  into  the  future  releases  resources  for  their  next  best  immediate  use.  This  partially 
offsets  the  present  value  of  the  system  costs  to  be  incurred  in  the  future.  The  present  value  of  future 
system  cost  is  therefore  equal  to  the  undiscounted  cost  minus  the  benefits  accrued  by  the  immediate 
alternative  use  of  resources  until  required  by  the  system  at  some  later  date. 

Both  the  discount  rate  apd  the  differences  in  expenditure  patterns  over  the  investment  period  may 
be  significant  in  comparing  alternatives:  Consider  the  hypothetical  weapon  system  comparison  at  zero 
discount  rate  presented  in  Fig.  34-7.  The  time  period  of  expenditure  is  15  yr;  alternative  A  incurs 
higher  start-up  costs  (R&D and  investment),  but  is  an  efficient  operating  system.  Alternative  B,  on  the 
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Figure  34-7.  Time-Phased  Life  Cycle  Expenditure  Patterns,  Undiscounted, 
for  Two  Alternatives  Over  a  15-yr  Period 

other  hand,  ;s  a  less  efficient  operating  system  (high  operating  and  maintenance  costs),  but  requires 
less  R&D  and  investment  costs.  The  undiscouuted  total  cost  for  alternative  A  is  $7.0  billion,  while  the 
undiscounted  total  cost  for  alternative  B  is  $7.5  billion.  The  expenditure  pat'ems  of  the  life  cycle  costs 
(assuming  complete  replacement  by  the  16th  year  and  no  salvage  value)  for  each  alternative  is  shown 
in  Table  34-2.  Table  34-3  shows  (column  2)  the  15-yr  discounted  present  costs  for  each  alternative  at 
various  discount  rates  (column  1)  Notice  that  the  absolute  cost  difference  (column  3)  is  $500  million 
in  favor  of  system  A  at  7ero  discount  rate,  but  only  $70  million  in  favor  of  system  A  at  5%  discount  rate. 
A  crossover  point  takes  place  somewhere  between  5%  and  10%;  at  10%  an  absolute  cost  difference  of 
$320  million  occurs  in  favor  of  B  (indicated  by  minus  sign).  The  relative  difference  (column  4)  shows 
an  even  greater  increase  with  higher  discount  rates.  Which  of  the  two  systems  would  be  the  preferred 
alternative  depends  upon  many  considerations  other  than  their  discounted  present  value  costs. 
However,  the  discounted  costs  of  each  alternative  are  an  important  input  to  the  investment  decision, 
particularly  during  the  peak  periods  of  competing  demands  for  funds  in  a  particular  budget  appropria¬ 
tion  category.  The  problem  is  not  in  calculating  present  value,  but  in  determining  the  appropriate  dis¬ 
count  rate  to  use.  As  stated  in  AR  11-28  (Ref.  11),  the  discount  rate  —  currently  10%  —  is  specified  by 
the  Office  of  Secretary  of  Defense. 

A  practical  approach  (analysis  time  permitting)  is  to  calculate  present  value  for  a  range  of  discount 
rates  for  each  alternative  in  order  to  determine  the  relative  “break  even”  rate.  The  decision  maker  can 
then  decide  whether  this  discount  rate  (or  rate  range)  is  above  or  below  what  he  considers  the  ap¬ 
propriate  discount  rate  to  be. 

34-2.5  APPROACHES  TO  COST  ESTIMATING 

A  cost  estimate  may  often  be  referred  to  as  a  judgment  or  opinion,  developed  formally  or  informally, 
regarding  the  anticipated  cost  of  a  piece  of  hardware,  a  service,  a  commodity,  or  an  integrated  system, 
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TABLE  34-2.  EXPENDITURE  PATTERNS  FOR  ALTERNATIVES  IN  FIG.  34-7 


' 

R&Dand  Investment 

o&s 

Total 

Future  Years 

1 

2 

'3 

4 

5 

6 

7 

8 

0 

10 

11 

12 

13 

14 

15 

Costs,  $,  X  10* 

Alternative  A 

30 

100 

300 

1300 

1300 

1100 

800 

500 

200 

100 

250 

250 

■>50 

250 

250 

7  0  billion 

Alternative  B 

25 

o 

100 

000 

1000 

1000 

’00 

400 

250 

50 

600 

600 

600 

600 

600 

7.5  billion 

TABLE  34-3.  DISCOUNTED  PRESENT  VALUE  OF  TWO  ALTERNATIVE  EXPENDITURE 
PATTERNS  (TABLE  34-2)  AT  THREE  DISCOUNT  RATES  (5%,  10%,  AND  15%) 


Discount 

Rate 

(15  yr) 

Present  Value 
(Billions  of  Dollars) 

Absolute 
Difference, 
i  X  10* 

Relative 

Difference, 

'  % 

Alternative  A 

Alternative  B 

Base 

7.00 

7.50 

+0.30 

— 

5% 

5.25 

5.32 

+007 

1.3 

10% 

4.18 

3  86 

-0.32 

7.6 

15% 

3.37 

2.95 

-0.42 

12.4 

using  past  experience  as  a  guide.  TTie  greater  the  gap  between  a  proposed  capability  reflecting  innova¬ 
tions  in  technical  design,  materials,  operational  or  organizational  concepts  over  past  capabilities,  the 
less  the  confidence  that  experience  will  provide  a  reliable  guide  to  the  future.  Since  most  new  military 
capabilities  involve  advances  over  preceding  systems,  cost  estimating  often  requires  projections  from 
the  known  to  the  unknown.  This  inevitably  results  in  uncertainty  regarding  how  much  a  cost  predic¬ 
tion  could  differ  from  actual  cost3.  (See  par.  34-2.6  for  a  discussion  of  cost  uncertainty.)  The 
magnitude  of  this  uncertainty  is  a  function  of  how  far  the  cost  a  talyst  must  project  from  the  known  to 
the  unknown  and  how  adequately  he  can  identify  and  resolve  the  impact  of  unknowns  on  cost. 

There  are  very  few  approaches  currently  available  with  which  cost  predictions  involving  elements  of 
uncertainty  can  be  quantified  with  any  great  mathematical  prec  sion.  Rather,  cost  estimating  must  be 
viewed  as  a  process  of  hypothesis  testing  which  requires  caution  and  good  judgment  in  the  use  of 
available  techniques  vboth  statistical  and  nonstatistical).  The  roat  analyst  must  recognize  the  limita¬ 
tions  of  these  techniques  and  use  them  appropriately  to  support,  test,  and  validate  assumptions  and  in¬ 
formed  judgments  as  to  the  relationship  between  costs  and  cost  influencing  factors.  The  techniques 
used  in  cost  estimating  may  vary  from  a  sophisticated  mathematical  expression  to  an  engineer’s  con¬ 
sidered  opinion  of  expected  costs.  There  are  few  standard  guidelines  regarding  techniques  to  use  and 
when  to  use  them;  selection  depends  to  a  large  extent  on  the: 

1.  Scope  of  the  analysis 

2.  Purpose  of  the  cost  estimate 

3.  Time  available  to  develop  costs 

4.  State  in  the  weapon  system  life  cycle,  i.e.,  definitive  level  of  system  requirements  and  specifica¬ 
tions 

5.  The  volume,  completeness,  and  accuiary  of  available  cost  data. 
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The  different  methods  used  and  their  approach  to  developing  cost  estimates  are  briefly  described  as 
follows: 

1.  Parametric  Cost  Estimating.  An  approach  which  treats  the  relationships  between  costs  and 
cost  influencing  factors  as  a  function  of  key  cost  explanatory  variables  having  a  range  of  values  as  op¬ 
posed  to  a  single  value.  Its  functional  form  is  the  cost  estimating  relationship  (CER)  which  expresses 
the  link  between  a  physical  or  performance  characteristic,  a  resource,  or  an  activity  with  a  particular 
cost  associated  with  it;  or  the  link  between  independent  but  related  costs.  (Commonly  called  a  cost 
factor.)  A  CER  of  the  first  type  might  be  a  complex  mathematical  function  relating  the  investment  cost 
of  a  piece  of  hardware  (dependent  variable)  to  its  weight,  range,  and  accuracy  (independent  or  ex¬ 
planatory  variables).  A  CER  of  the  second  type  might  be  a  simple  functional  expression  of  the  annual 
hardware  maintenance  cost  as  a  fixed  percentage  of  the  original  investment  costs.  The  parametric  ap¬ 
proach  to  cost  estimating  normally  is  must  useful  in  the  early  conceptual  stage  of  a  weapon  system  ac¬ 
quisition  program  when  system  parameters  are  only  grossly  defined.  As  a  weapon  system  matures,  the 
parametric  approach  is  frequently  used  to  “validate”  or  make  “about  right”  conclusions  of  other 
costing  methodologies. 

It  is  to  be  recognized,  however,  that  this  approach  deals  with  a  relatively  high  level  of  aggregation, 
and  cost  estimating  relationships  use  cost  explanatory  variables  (weight,  speed,  power,  frequency, 
etc.)  to  predict  costs  when  limited  detailed  knowledge  about  system  configuration  characteristics  and 
requirements  are  available.  .As  such,  the  adequacy  with  which  a  cost  projection  closely  approximates 
actual  system  costs  depend*  to  a  large  extent  upon:  (a)  the  reliability  of  historical  source  data  as  valid 
predictors  of  future  costs,  and  (b)  the  abi':ty  of  the  cost  analyst  to  establish  comprehensively  the 
proper  relationships  between  system  costs  and  cost  influencing  factors. 

2.  Engineering  Estimate.  An  approach  to  cost  estimating  involving  a  detailed  examination  of 
separate  segments  of  work  and  system  components  at  a  relatively  low  functional  level,  e  g.,  level  4  or 
lower  in  the  work  breakdown  structure,  and  synthesizing  these  individual  estimates  into  a  total  cost. 
Its  application  requires  a  detailed  knowledge  of  the  system,  the  production  process,  work  standards, 
organizational  procedures,  manufacturing  methods,  and  operations.  Hence,  engineering  estimates  are 
most  applicable  during  the  production  stage  of  a  weapon  system  acquisition  cycle  when  requirements 
have  been  fairly  well  defined. 

The  cost  estimator  works  from  sketches,  blueprints,  engineering  drawings,  word  descriptions  of 
items  not  completely  designed,  work  statements,  organizational  descriptions,  manufacturing  process 
descriptions,  etc.  From  these,  he  attempts  to  specify,  in  detail,  each  engineering  and  production  task  to 
be  performed  and  the  man-hours  and  materials  required;  tooling  requirements;  sequence  of  produc¬ 
tion  operations  to  include  fabrication,  assembly  and  checkout,,  etc.  —  developing  detailed  cost  es¬ 
timates  for  each  process  and  aggregating  costs  at  each  level  of  the  work  breakdown  structure.  The 
engineering  approach  is  a  laborious  and  tedious  task  typically  involving  thousands  of  calculations  to 
estimate  the  cost  of  a  major  end  item  of  equipment. 

3.  Estimates  by  Analogy.  An  approach  to  cost  estimating  which  depends  upon  a  direct  com¬ 
parison  of  a  proposed  item,  piece  of  equipment,  system  function,  or  operation  with  comparable  or 
analogous  capabilities  of  some  prior  system.  Although  it  has  been  the  most  widely  used  method  in  the 
past,  it  is  a  judgment  process  gnd  requires  expertise  and  experience  on  the  part  of  the  cost  analyst.  The 
term  “judgment”  is  applied  because  the  validity  of  the  estimate  depends  upon  how  precisely  the 
chosen  analogous  system  mirrors  the  system  to  be  costed  in  terms  of  size,  weight,  performance^  com¬ 
plexity,  etc.,  and  the  accuracy  with  which  the  cost  analyst  can  identify  and  adjust  for  specific  dif¬ 
ferences. 
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Ref.  13  defines  the  analogue  techniques  as  based  on  the  construction  of  relationships  using  c  ost 
data  from  logically  similar  systems.  There  are  two  types  of  analogues: 

a.  Direct  comparison  with  similar  systems  having  the  same  operational/performance  charac¬ 
teristics,  e  g.,  using  cost  data  on  commercial  vehicles  to  develop' estimates  for  combat  vehicles 

b.  Direct  comparison  with  dissimilar  systems  having  many  of  the  same  cost  characteristics  as 
the  system  to  be  costed,  e  g.,  estimating  missile  costs  based  on  aircraft  experience. 

4.  Expert  Judgment  Estimate.  This  is  little  more  than  an  educated  guess  by  those  who  have  com¬ 
prehensive  know  ledge  of  a  system  or  system  components  Its  use  is  often  necessitated  by  gaps  in  em¬ 
pirical  data  or  when  a  sufficient  statistical  sample  is  not  available.  It  is  recommended  primarily  for 
cross-checking  the  validity  of  estimates  developed  by  other  methods  to  determine  their  reasonableness. 
Alternatively,  an  expert  judgment  may  be  used  to  assist  in  identifying  the  key  cost  variable  in  a  par¬ 
ticularly  elusive  cost  relationship. 

34-2.6  COST  UNCERTAINTY 

Uncertainty  is  an  inherent  characteristic  of  system  and  cost  analyses,  particularly  in  support  of  ma¬ 
jor  weapon  system  programs  which  require  long  development  lead  times  (eight  to  ten  years).  The 
changing  threat,  advancing  techi.ology,  fluctuating  economic  conditions  (wages  and  prices),  develop¬ 
ment  time-horizon  uncertainty,  necessary  design  modifications  to  accommodate  new  requirements  or 
to  overcome  unforeseen  technical  barriers,  etc.,  all  contribute  to  the  difficulty  in  accurately  predicting 
eventual  system  costs.  Additionr'lyl  there  is  the  problem  of  incompleteness  and  inconsistencies  in 
much  of  the  available  historical  cost  data  which  is  fundamental  to  the  development  of  cost  projections 
for  new  weapon  svstems.  As  pointed  out  by  Hitch  and  McKeeo  (Kef.  14):  “But  the  actual  costs  of 
developing,  producing,  and  operating  complete  weapon  systems  have  frequently  exceeded  cost  es¬ 
timates  made  prior  to  development  by  factors  of  tei.  or  more,  largely  because  of  technological  uncer¬ 
tainty  thut  existed  when  the  costs  were  estimated^ 

However,  it  is  essential  to  th*  weapon  system  decision  process  to  be  explicit  in  identifying  cost  un¬ 
certainties  a;  d  determining  the  range  of  error  they  are  likely  to  introduce  into  the  cost  estimate. 
Developing  a  point  estimate  of  alternative  systeft  cost  provides  no  indication  of  the  possible  cost 
variability  associated  with  each  alternative.  This  could  be  misleading  and  even  bias  the  weapon  system 
decision  ‘o  be  made.  For  example,  consider  the  cost  diminutions  for  two  hypothetical  systems  shown 
in  Tig.  34-8.  Although  the  actual  or  final  cost  of  System  A  may  rum  out  to  be  less  than  B,  the  expected 
distribution  of  costs  for  B  has  a  much  narrower  range  and^herefore  could  encounter  less  risk  that  the 
probable  cost  will  be  seriously  in  error.  Depending  upon  the  decision  maker’s  preference  for  risk,  his 
upper  cost  threshold,  etc.,  his  choice  of  System^  or  B  can^e  made  with  better  insight  into  the  conse¬ 
quences  of  his  decision  if  such  informatiq^p  available  to  him. 

Although  there  are  many  individual  factors  contrjbutingSo  cost  uncertainty,  they  can  generally  be 
classified  into  two  primary  categories: 

1.  Requirements  uncertainty 

2  Cost  estimating  uncertainty.  * 

Further,  it  has  often  been  observed  that  cost  estimates  are  often  as  different  as  the  cost  analysts 
developing  them.  Inevitably,  there  will-be  some  bias  in  the  estimate  reflecting  subjecti  e  judgments  on 
how  uncertainty  should  be  handled  and  its  *mpact  on  costs.  However,  it  is  important  to  recognize  that 
uncertainty  in  the  cost  data  doe*  not  necessarily  invalidate  the  cost  estimate,  as  long  as  cost  uncer¬ 
tainty  is  treated  unirormly  in  the  comparison  4f  alternatives. 
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,Y,  =  expected  or  mean  value  of  cost  curve  for  System  B 

X2  —  expected  or  mean  value  of  cost  curve  for  System  A 

Cj  =  lower  bound  of  cost  for  System  A 

CA  =  upper  bound  of  cost  for  System  A 

Cg  =  lower  bound  of  cost  for  System  B 

Co  =  upper  bound  of  cost  for  System  B 
u2 

Figure  34-8.  Hypothetical  Cost  Distributions  for  Two  Systems 


34-2.6.1  Requirements  Uncertainty 

Requirements  uncertainty  has  the  greatest  impact  on  the  accuracy  of  cost  projections.  Historical 
evidence  suggests  that  much  of  *'  e  difference  between  initial  weapon  system  cost  estimates  and  actual 
costs  can  be  attributed  to  system  configuration  changes  resulting  in  cost  growth  Some  examples,  given 
by  G.  H.  Fisher  (Chapter  VI.  Ref.  15)  are: 

1.  The  original  hardware  design  may  fail  to  meet  the  desired  performance  characteristics,  and 
hence  hardware  configuration  must  be  changed. 

2.  Performance  characteristics  may  be  changed  in  response  to  the  changing  threat,  causing 
hardware  specification  changes. 

3.  A  decision  might  be  made  that  the  system  is  required  sooner  than  originally  planned,  requir¬ 
ing  substitution  of  resources  for  time. 

4.  A  change  in  system  specifications  may  be  induced  by  errors  or  omissions  in  initial  require¬ 
ments  for  some  part  of  the  system. 

5.  Indirect  effects  of  specification  changes  may  impact  on  other  parts  of  the  system,  e.g.,  person¬ 
nel  requirements  may  change. 

6.  The  strategic  situation  may  change,  leading  to  a  change  in  operational  performance  charac¬ 
teristics,  or  methods  of  employing  or  deploying  the  system,  or  changes  in  force  size  or  number  of  years 
of  system  operation. 

34-22  •  •-  -  -  ■  ’  .  ’•  . 
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It  is  not  possible  to  anticipate  ail  contingencies  which  could  arise  and  result  in  unscheduled  changes 
ip  a  weapon  acquisition  program,  particularly  when  the  development  cycle  spans  an  8-10  yr  period 
However,  requirements  uncertainty  can  be  treated  explicitly  if  grouped  into  two  categories:  (1 )  uncer¬ 
tainty  which  is  subject  to  probabilistic  quantification  over  a  relevant  range  of  values,  and  (2)  uncer¬ 
tainties  which  are  not  subject  to  prediction  within  known  limits  of  confidence. 

Requirement  uncertainties  in  the  first  category  can  be  dealt  with  using  parametric  costing  methods. 
That  is,  key  cost  explanatory  variables,  e.g.,  production  quantity,  operating  hours,  etc.,  can  be  ex¬ 
amined  through  a  range  of  values  (discrete  or  continuous)  to  determine  the  sensitivity  of  cost  to 
changes  in  these  variables  This  approach  permits  an  indication  of  both  the  probable  magnitude  of  the 
cost  uncertainty  and  the  rate  of  change  in  costs  with  changes  in  requirements. 

Requirements  uncertainty  in  the  second  category  is  characterized  by  unanticipated  variations  from 
circumstances  such  as  budget  changes,  safety  or  logistic  policy  changes,  changes  in  threat  or 
technology,  administrative' delays,  and  deferments.  While  in  the  past  these  factors  have  contributed 
significantly  to  cost  growth  (particularly  weapon  systems  with  long  lead  times),  it  is  almost  impossible 
to  predic  t  with  reasonable  confidence  the  probable  magnitude  of  such  costs.  These  uncertainties  can 
usually  be  dealt  w  ith  only  in  a  general  manner  through  the  use  of  cost  adjustment  factors  derived  from 
experience  with  predecessor  systems. 

3-*-2.6.2  Cost  Estimating  Uncertainty 

Cost  estimating  uncertainty  refers  to  variations  in  the  cost  estimates  themselves.  These  can  be  at¬ 
tributed  to: 

1 .  The  variability  or  errors  in  the  available  cost  data  used  to  develop  cost  estimating  relationships 

2.  Errors  or  variations  in  cost  estimating  relationships  due  to  weaknesses  in  the  values  chosen  as 
valid  predictors  of  costs,  or  variability  in  the  data  samples  of  explanatory  variables 

3.  Extrapolation  errors  which  occur  when  it  is  necessary  to  develop  estimates  beyond  the  sample 
range  of  historical  data 

4.  Errors  resulting  from  aggregation  of  costs  at  higher  levels  as  a  result  of  overlooking  important 
intersystem  dependencies 

5.  Price  changes  which  induce  errors  in  the  cost  estimate,  particularly  if  the  cost  estimate  is  re¬ 
quired  in  terms  of  prices  expected  in  future  years. 

Cost  estimating  uncertainty  is  inherent  in  any  prediction  of  future  weapon  system  costs  based  on 
projections  or  extrapolations  from  past  experience  with  analogous  or  similar  systems,  even  if  the  re¬ 
quirements  of  the  system  are  clear  and  certain.  This  uncertainty  is  inherent  because  projections  of 
future  weapon  system  costs  normally  are  based  on  a  statistical  sample  (or  population)  of  historical 
data  on  similar  or  analogous  systems.  While  generalized  statistical  estimating  techniques  provide 
measures  of  data  variability,  e.g.,  standard  error  of  estimate  and  the  use  of  confidence  intervals,  which 
can  be  used  to  make  range  error  estimates  of  the  costs  within  the  data  sample,  extrapolating  beyond 
the  range  of  the  sample  introduces  uncertainty  as  to  whether  the  characteristics  of  the  sample  still 
hold.  (See  Ref.  15.) 

34-2.7  COST  SENSITIVITY  ANALYSIS 

Cost  sensitivity  analysis  is  a  systematic  approach  to  examining  the  impact  on  total  system  costs 
resulting  from  variations  in  the  values  of  key  cost  generating  variables  or  changes  in  assumptions  about 
major  system  requirements.  It  is  one  of  the  primary  tools  available  to  the  cost  analyst  for  testing 
hypotheses  relative  to: 
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1.  Requirements  uncertainty 

2.  Cost  estimating  uncertainty 

3.  Dominance  in  the  preferred  ranking  of  system  alternatives  in  cost-effectiveness  comparisons. 

Cost  sensitivity  analysis  attempts  to  determine  how  much  significance  uncertainty  about  key  system 

cost  parame'-ers  will  have  on  total  system  cost.  Specifically,  if  a  cost  generating  variable  —  e.g.,  weight, 
speed,  or  range  —  in  a  cost  estimating  relationship  is  allowed  to  vary  through  a  relevant  range  of 
values,  sensitivity  analysis  can  determine  What  impact  this  will  have  on  the  total  cost  outcome.  As  an 
example,  assume  that  the  effect  of  a  key  cost  generating  variable,  value  V,  is  uncertain  on  the  total  cost 
(.t  in  an  estimating  equation.  Assume  also  that  informed  judgment  indicates  that  the  relevant  range  of 
values  of  .V  varies  from  ,V0  to  A*  with  a  “most  likely”  value  of  A',.  Suppose  various  values  of  A' through 
this  range  are  tested  in  the  equation  to  determine  what  the  impact  will  be  on  the  total  cost  CT.  Fig  34-9 
illustrates  three  possible  cost  curves  which  could  result  from  such  a  sensitivity  analysis.  Cost  curve  AB 
indicates  that  (,T  is  relatively  insensitive  to  changes  in  A’;  cost  curve  AC  indicates  that  CT  is  relatively 
insensitive  up  to  A’,,  but  it  changes  dramatic  ally  for  higher  values  of  A;  and  cost  curve  AD  has  an 
almost  linear  sens'tivity  with  respect  to  changes  in  A’. 

The  results  of  sensitivity  analysis,  therefore,  may  assist  in  identifying  and  isolating  critical  cost 
parameters  which  could  introduce  significant  variation  in  total  system  cost.  This  information  can  then 
serve  as  the  basis  to  (1)  identify  ways  to  hedge  against  uncertainty;  (2)  indicate  areas  where  empirical 
testing  may  be  necessary  to  reduce  uncertainty;  (3)  point  out  areas  where  more  information  or  further 
research  is  required;  or  (4)  test  for  dominance  in  cost-effectiveness  comparisons  of  weapon  system 
alternatives. 


Values  of  Cost  Variable 

Figure  34-0.  Hypothetical  Cost  Sensitivity  Curves 
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Cost  sensitivity  analysis  takes  place  after  cost  estimating  relationships  have  been  clearly  specified, 
and  it  attempts  to  assess  the  magnitude  of  uncertainty  surrounding  the  key  system  cost  parameters 
that  can  be  tolerated  and  still  yield  a  reasonable  cost  estimate. 

34-3  COLLECTING  COST  DATA 

While  cost  estimating  techniques  and  cost  structures  provide  the  tools  and  methodology  in  support 
of  cost  analysis,  the  validity  of  the  festimate  depends  to  a  large  extent  on  the  adequacy  and  accuracy  of 
available  cost  data.  Since  many  cost  estimates  of  future  systems  are  based  on  a  comparison  with 
previous  cost  experience,  the  major  tas:  facing  the  cost  analyst  is  identifying  appropriate  cost  data  and 
deciding  just  which  techniques  and  methods  should  be  applied. 

The  identification  and  selection  of  data  sources  should  begin  after  a  clear  description  of  the  system 
to  be  costed  has  been  obtained  and  after  the  ground  rules  specifying  the  structure  and  detail  of  the  cost 
estimate  are  established.  Normally,  substantial  time  and  effort  are  required  to  obtain  a  precise 
description  of  the  system  and  to  determine  the  desired  content  of  the  output  of  the  cost  estimate.  If  the 
cost  estimate  is  prepared  early  in  the  concept  formulation  phase  of  the  system  life  cycle,  the  imprecise 
description  of  the  system  may  limit  the  estimating  techniques  that  can  be  used  and  may  influence  the 
selection  of  data  sources.  System  descriptions  required  by  the  cost  analyst  may  differ  considerably 
from  those  required  by  the  weapon  systems  analyst.  For  example,  the  weapon  systems  analyst  may  not 
be  concerned  with  activity  rates  or  operating  hours  which  are  important  to  the  cost  analyst.  An  exam¬ 
ple  of  both  equipment  specifications  and  operational  assumptions  which  could  be  required  in  a  system 
description  is  given  in  Table  34-4.  Additionally,  the  costing  ground  rules  underlying  the  study  should 
be  firmly  established,  including,  for  example: 

1.  Kind  of  cost  index  to  be  used  (example:  ten- year  system  cost) 

2.  Date  when  all  prior  cost  will  be  considered  sunk  cost  (example:  FY  1978) 

3.  Rules  regarding  amortization  or  discounting 

4.  Rules  regarding  costs  of  other  agencies 

5.  Special  rules  regarding  base  operating  support  personnel,  attrition  rates,  etc. 

Iri  collecting  cost  data  in  support  of  a  particular  costing  problem,  the  cost  analyst  will  invariably 
face  difficulties  in  obtaining  useful  data.  Typical  problems  experienced  in  the  past  include  the  follow¬ 
ing: 

1.  Data  are  not  system  related. 

2.  Data  are  hot  standardized  within  reporting  systems. 

3.  Data  are  obsolete. 

4.  Data  are  biased. 

5.  Access  to  data  is  difficult. 

6.  Data  are  program  and  budget  oriented  instead  of  system  oriented. 

7.  The  credibility  of  the  data  is  often  unknown. 

The  cost  analyst  should  recognize  that  he  must  adapt  data  to  fit  his  purpose.  As  data  sources  are  un¬ 
covered  and  evaluated,  techniques  must  be  devised  to  adapt  or  normalize  the  data  that  are  available  to 
the  needs  of  the  analysis.  Data  collection  is  likely  to  be  the  most  time  consuming  part  of  any  cost 
analysis;  therefore,  careful  planning  of  the  data  collection  and  adaptation  effort  is  necessary. 

34-3.1  COST  INFORMATION  STANDARDIZATION  PROGRAMS 

DOD  Directive  7000.1  (Ref.  16)  provides  the  overall  policy  guidance  with  regard  to  resource 
management  systems  within  the  Department  of  Defense.  This  directive  stqtes  that  the  resource 
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TABLE  34-4.  SYSTEM  SPECIFICATIONS  AND  ASSUMPTIONS 

(EXAMPLES) 

1  Primary  equipment  specifications  (if  possible,  by  major  components,  e.g.,  airframe  or  stiucture,  propulsion,  guidance). 
A  Performance  specifications: 

1  Examples  for  airframes: 
a  -Speed 

b.  Combat  radius 
.  c.  Climb 

d.  Ceiling  * 

e:  Range 
f.  Load 

2.  Examples  for  electronics: 
a  Frequency 

b.  Continuous  vs  spasmodic  operation 

c.  Functions  to  be  performed  and  speed  of  computation 

d.  Accuracy  (e.g.,  in  terms  of  deviation  over  time  and/or  drift  rate,  discrimination  capability) 

e.  Jammability 

3  Examples  for  engines:  ,  , 

a.  Rating 

b.  Specific  fuel  consumption 

c.  Operating  temperature 

B  Weight  data 
C.  Other  physical  dat^: 

1.  Examples  for  airframes:  , 

a.  Size  data  (e.g.,  fuselage  length,  wing  area,  wing  span) 

b.  Construction  characteristics: 

(1)  Sheet  and  stringer 

(2)  Sandwich,  waffle,  etc. 

(3)  Foamed  ijnctai 

(4)  Welded  vi  riveted 

(5)  Castings, {forgings,  extrusions,  weldments,  etc. 

c.  Basic  metal  types  (with  respect  to  items  in  b,  above) 

d.  Tolerances  (vath  respect  to  items  in  b,  above) 

2.  Examples  for  electronics: 

a.  Volume 

b.  Type  of  construction  technique  (tube,  transistor,  modular)  . 

c.  Number  of  tubes  or  transistors 

d.  Number  of  stages 

(cont'd  on  next  page) 
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TABLE  34-4.  (cont’d) 


e.  Power  requirement 

f.  Antenna  diameter  (for  radars) 

D.  Who  the  manufacturer  is  or  is  likely  to  be. 

II.  Ground  support  equipment  specifications  analogous  to  those  listed  under  I. 

III.  Operational  concept  specifications  or  assumptions  and  related  matters.  Examples  are: 

A.  Force  size 

B.  Geographical  deployment  (especially  overseas  vs  ZI) 

C.  Dispersal  scheme 

D.  Activity  rates 

E.  Fixed  or  mobile  system  and  description  thereof 

F.  “Hard”  or  “soft”  system,  and  psi  specification,  if  hard 

G.  Organizational  concept:  wing,  group,  etc.,  and  number  of  squadrons  per  wing  or  group 

H.  Alert  capability  and  related  manning  concept 

I.  Degree  of  system  automation,  stated  by  function  if  possible,  in  relation  to  manning  and  GSE  requirements 

J.  Number  of  years  the  system  is  to  be  in  the  operational  inventory 

K.  Training  concepts;  and  in  the  case  of  missile  systems:  (a)  number  of  missiles  to  be  used  in  initial  training,  (b)  num¬ 
ber  of  live  firings  for  “proficiency”  training  purposes  per  year  ' 

L.  Logistic  support  concepts,  especially  regarding  depot  maintenance  (DARCOM  depot,  or  contractor?).  Is  there  to  be 
a  “central  support”  area? 

M.  Permanent  or  temporary  facilities 

N.  Tenant  or  nontenant  operation 

O.  Main  aspects  of  the,  development  program,  especially  number  of  vehicles  in  the  test  inventory. 


management  systems  will  be  oriented  to  the  needs  of  all  levels  of  DOD  management,  and  also  they  will 
provide  the  information  required  by  the  Congress,  Bureau  of  the  Budget,  Treasury  Department,  and 
other  Government  agencies.  Another  requirement  of  the  directive  is  that  the  resource  management 
systems  be  standardized  and  controlled  to  the  extent  practical  so  as  to  minimize  the  data  gathering 
and  reporting  work  load  imposed  on  contractors  and  in-house  activities.  The  Assistant  Secretary  of 
Defense  (Comptroller)  is  charged  with  the  overall  supervision  of  all  DOD  resource  management  ac¬ 
tivities,  and  some  of  his  responsibilities  include:  (t)  review  and  approve  proposed  significant  changes 
in  resource  management  systems  or  proposed  new  systems,  (2)  insure  compatibility  and  uniformity 
among  resource  management  systems,  (3)  provid-  policy  guidance  for  the  characteristics  and  general 
criteria  governing  resource  management  systems,  and  (4)  insure  standardization  of  data  elements  and 
data  codes.  As  noted,  the  Assistant  Secretary  of  Defense  (Comptroller)  has  overall  or  general,  but  not 
working  level,  supervision;  this  level  of  supervision  is  delegated  to  the  individual  military  departments. 

The  Department  of  the  Army  Cost  Analysis  Program,  outlined  in  Ref.  1,  establishes  policy  and 
assigns  responsibilities  for  improving  the  analysis  of  all  major  costs  related  to  organizing,  equipping, 
maintaining,  and  developing  Army  forces.  Within  the  US  Army  Materiel  Development  and  Readiness 
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Command,  AMCR  37-4  (Ref.  17)  prescribes  program  and  policy  guidance  for  establishing  Cost  Es¬ 
timate  Control  Data  Centers  (CECDC's)  in  each  subordinate  command  Tnese  CF.CDCs  are  intend¬ 
ed  to  serve  as  the  central  cost  analysis  activity  at  each  commodity  command  for  registration,  control, 
review,  and  validation  of  cost  information.  Each  CECDC  is  required  to  maintain  cost  tracks  on  selec  t¬ 
ed  weapon  systems  in  a  consistent  and  traceable  format.  Although  progress  in  the  past  has  been 
somewhat  slow,  this  systematic  accumulation  of  cost  data  should  materially  improve  the  availability 
and  validity  of  the  data  required  by  Army  cost  analysts. 

34-3.2  COST  INFORMATION  SOURCES 

Contractor  Cost  Data  Reporting  (CCDR),  discussed  in  DOD  Instruction  “000. 1 1  (Ref.  IS), 
provides  cost  information  in  a  format  compatible  with  the  standard/weapon/support  system  cost 
categories  of  AR  11-18.  The  CCDR  consists  of  the  following  four  reports  of  potential  value  to  the 
weapon  systems  cost  analyst: 

1.  Contract  Cost  Data  Summary 

2  Functional  Cost-Hour  Report 

3.  Progress  Curve  Summary 

4.  Plant-Wide  Data  Report. 

Another  source  of  standard  cost  data  is  the  Selected  Acquisition  Reports  (SAR's)  defined  ;n  DOD 
Instruction  7000.3  (Ref.  19).  This  is  a  summary  report  designed  for  submission  to  Congress  and  other 
Government  agencies  and  provides  pertinent  information  regarding  weapon  system  program  changes 
that  influence  costs  to  include: 

1.  Engineering  changes 

2.  Procurement  quantity  changes 

3.  Support  requirements  changes 

4.  Schedule  changes 

5.  Unpredictable  changes 

6.  Economic  changes 

7.  Estimate  changes 

8.  Contract  performance  incentives 

9.  Contract  cost  overrun/underrun. 

DOD  Instruction  7000.10  (Ref.  20)  provides  information  and  instructions  for  preparation  of  three 
summary  reports  that  are  used  to  collect  summary  level  cost  and  schedule  performance  data  and 
funding  data  from  contractors  for  use  by  program  management  personnel.  These  reports  may  provide 
cost  inf  'rmation  of  value  to  the  cost  analyst.  Discussion  of  these  three  reports  follows: 

1.  The  Cost  Performance  Report  (CPR)  is  intended  to  provide  early  identification  of  problems 
having  significant  cost  impact,  efTects  of  management  actions  taken  to  resolve  the  problems,  and 
program  status  information  for  use  in  making  and  validating  management  decisions.  This  report, 
prepared  by  contractors,  consists  of  five  formats  containing  costs  and  related  data  for  measuring  con¬ 
tractor’s  cost  and  schedule  performance.  The  formats  are: 

a.  Format  1  provides  data  to  measure  costs  and  schedule  performance  by  summary  level  WBS 
elements. 

b.  Format  2  provides  a  similar  measure  for  organization  or  functional  cost  categories. 

c.  Format  3  provides  the  budget  baseline  plan  against  which  performance  is  measured. 

d.  Format  4  provides  manpower  loading  forecast  for  correlation  with  budget  plan  and  cost  es¬ 
timating  predictions. 
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e  Format  5  is  a  narrative  report  used  to  explain  significant  costs  and  schedule  variances  and 
other  identified  contract  problems. 

2.  The  Contract  Funds  Status  Report  (CFSR)  is  designed  to  supply  funding  data  about  defense 
contracts  to  program  managers  for: 

a.  Updating  and  forecasting  contract  fund  requirements 

b.  Planning  and  decision  making  on  fund  changes 

c.  Developing  fund  requirements  and  budget  estimates  in  support  of  approved  programs 

d.  Determining  funds  in  excess  of  contract  needs  and  availability  for  deobligation. 

3.  The  Cost/Schedule  Status  Report  (C/SSR)  is  prepared  by  contractors  and  provides  summary 
costs  and  schedule  performance  information  on  programs  where  application  of  the  CPR  is  not  ap¬ 
propriate. 

AMCR  7 1 5-22  (Ref.  21 )  provides  for  estimates  of  all  negotiated  procurements  in  excess  of  SI  million 
to  be  made  according  to  a  specified  functional  cost  structure  compatible  with  Ref.  1. 

While  these  reports  (SAR  and  CCDR)  are  summary  in  nature,  their  consistency  of  format  provides 
a  good  point  of  departure  in  searching  for  essential  characteristics  of  a  weapon  system  to  be  costed. 

34-3.3  COST  DATA  HANDBOOKS 

The  Army  h'orct  harming  Cost  Handbook  (Ref.  22)  has  been  prepared  by  the  Comptroller  of  the  Army 
to  provide  cost  and  other  factors  for  typical  building  block  organizations  to  permit  calculation  of  the 
estimated  cost  of  alternative  force  structures.  It  provides  detailed  investment,  personnel,  and  operating 
costs  for  selected  TOE’s  or  mixes  of  TOE’s  using  unit  identification  numbers.  Since  equipment 
authorizations  vary  somewhat  in  different  theaters,  separate  costs  are  shown  for  each  theater  where 
this  difference  may  be  significant,  Sufficient  data  are  available  to  enrble  the  analyst  to  identify  the  cost 
impact  of  changes  in: 

1.  Force  structure 

2.  Force  deployments  ' 

3.  Activity  rate,  e  g.,  flying  hour  program 

4.  Training  requirements 

5.  Airlift  requirements 

6.  Equipment  modernization 

7.,  Logistic  guidance 

8.  Manpower. 

The  data  factors  are  intended  to  enable  the  analyst  to  develop  a  first  approximation  of  the  equip¬ 
ment  and  training  costs  of  alternative  force  structures,  the  added  costs  that  result  when  they  are 
deployed,  and  the  operational  costs  that  apply  in  different  theaters. 

The  explanatory  notes  included  in  the  Handbook  are  of  particular  interest  and  value.  They  outline 
the  techniques  used  to  accumulate  various  costs  and  the  dollar  value  estimating  factors  that  are  used. 
Such  estimating  factors  (training  costs  per  man-year  of  training  and  central  supply  costs  per  year  per 
tables  of  organization  and  equipment  strength)  can  be  used  in  other  costing  exercises,  such  as  weapon 
system  life  cycle  costs.  This  detailed  explanation  of  the  procedures  used  to  derive  unit  costs  illustrates 
the  point  that  cost  estimates  should  clearly  present  methodology  and  assumptions  so  that  users  of 
derived  cost  data  may  judge  the  suitability  of  the  estimates  for  their  analytical  purposes. 

Ref.  22  is  revised  periodically  to  reflect  price  changes,  authorization  changes,  and  improved  cost  fac¬ 
tors.  As  the  cost  data  base  expands,  the  Handbook  will  incorporate  new  data  and  improved 
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methodology.  Automated  cost  calculation  assists  in  revising  data  to  encompass  the  continuous  changes 
that  take  place. 

The  engineering  handbooks  contained  in  most  libraries  provide  more  technical  descriptive  material 
than  cost  information.  They  are  useful  to  the  cost  analyst  in  providing  an  understanding  of  the 
technical  process  of  subsystems  that  must  be  costed.  Catalogs  prepared  by  manufacturers  that  specify 
the  various  hardware  subsystems  in  more  detail  can  then  be  reviewed  for  detailed  cost  information. 
Care  must  be  exercised  in  using  such  prices  however.  Most  frequently,  new  developments  are  based 
on  extending  the  state  of  the  art  of  the  components  of  the  system.  Catalog  prices  reflect  on-the-shelf 
prices  that  may  substantially  understate  the  acquisition  costs  of  one-of-a-type  systems  not  available  in 
the  market.  Catalog  prices  should  be  used  only  when  it  is  clear  thiat  the  items  are  directly  applicable  to 
the  system. 

It  is  unlikely  that  the  cost  analyst  will  find  all  the  cost  data  he  might  desire  in  handbooks,  *n  fact, 
prior  studies  on  similar  systems  are  more  likely  to  provide  the  data  he  requires  or  to  provide  data  ref¬ 
erences  that  are  pertinent  to  his  needs. 

34-3.4  PREVIOUS  STUDIES 

The  analyst  frequently  estimates  an  unknown  future  cost  by  relating  it  to  some  known  similar 
system  that  has  been  accurately  costed.  Detailed  cost  data  derived  from  prior  studies  are  essential  for 
accurate  cost  analysis  of  new  systems.  Such  data  are  used  to  develop  valid  estimating  relationships.  Es¬ 
timating  relationships  are  of  five  basic  types: 

1.  Per-unit  catalog  price  or  planning  factor,  e  g.;  helicopter  engines,  by  type  and  current  produc¬ 
tion  costs;  helicopter  maintenance  in  terms  of  dollars  per  flight  hour 

2.  Cost-to-cost  estimating  relationships,  e.g.,  initial  repair  parts,  as  a  percent  of  initial  equipment 

costs 

3.  Non-cost-to-cost  relationships,  e.g.,  communication  equipment  with  frequency  and  range  as 
cost  influencing  variables 

4.  Specific  analogy,  e.g.,  speed  and  range  requirement  by  cost  of  similar  specific  systems 

5.  Expert  opinion,  e.g.,'  new  laser  sensor  by  production  state  of  the  art. 

Previous  costing  studies  will  have  used  some  or  all  of  these  estimating  techniques,  no  doubt.  Ideally, 
the  system  to  be  costed  will  be  comparable  in  many  details  with  a  system  that  has  recently  been 
developed.  In  such  cases,  much  of  the  available  cost  data  will  be  useful  with  minimum  adjustment. 
More  likely,  however,  the  new  system  will  be  unlike  older  systems  for  which  extensive  cost  data  exist. 
In  these  cases,  the  similarities  in  subsystems  and  in  their  development,  production,  or  maintenance 
procedures  should  be  identified  and  specific  analogy  techniques  should  be  used  whenever  practical.  If 
specific  analogy  techniques  cannot  be  used  because  of  basic  differences  between  the  systems,  it  may  be 
practical  to  adapt  the  data  that  are  available  for  use  in  performance  estimating  relationships.  In  such 
cases,  the  data  from  many  studies  are  used  to  derive  statistical  non-cost-to-cost  estimating 
relationships. 

Prior  studies  contain  much  data  that  have  been  derived  from  cost  and  engineering  handbooks.  The 
reference  documentation  for  such  data  provides  an  excellent  lead  to  similar  data  that  are  more  directly 
applicable  to  the  new  system  to  be  costed.  Prior  studies  also  contain  references  to  other  cost  studies 
‘hat  were  used  in  compiling  estimating  data;  these  references  enable  the  analyst  to  explore  such 
studies  more  fully  for  data  that  may  be  applicable  to  his  analysis. 
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34-4  DOCUMENTATION 

Proper  documentation  of  a  cost  study  is  essential  to  both  the  presentation  of  the  estimate  and 
providing  a  traceable  record  of  how  costs  were  derived.  The  latter  is  of  fundamental  importance  in  ac¬ 
commodating  timely  revisions  to  the  estimate  as  a  result  of  program  modifications  and  for  recording 
detailed  results  for  subsequent  weapon  system  studies. 

The  documentation  that  tne  analyst  prepares  must  provide  sufficient  detail  to  assure  hat  the  data, 
procedures,  rationale,  and  CER’s  that  are  derived  can  be  validated  step  by  step  by  review  authorities. 
All  data  sources,  data  used,  assumptions,  discussions,  and  calculations  must  be  summarized  in  a 
logical  fashion  that  makes  clear  each  action  taken  in  the  analysis  process  Various  types  of  formats 
have  been  suggested  to  assure  that  the  cost  analyst  identifies  and  records  each  step  in  the  analysis.  If 
several  groups  are  participating  in  an  analysis,  explicit  instructions  must  be  prepared  to  avoid  duplica¬ 
tions  and  omissions.  Interim  reports  should  follow  the  format  of  the  filial  report.  Table  34-5  illustrates 
a  sample  format  that  identifies  the  various  components  of  a  cost  estimate  report.  Further,  DA 
documentation  policy  is  provided  by  DA  PAM  11-5  (Ref.  5).  Circumstances  may  modify  the  reporing 
requirements.  Usually,  the  detail  in  the  full-length  report  is  summarized  to  present  the  study  results 
more  clearly.  However,  the  full  report  is  the  supporting  base  that  provides  the  essential  backup  for  the 
summary  submission. 

34-5  SUMMARY 

Army  cost  analysis  requires  a  thorough  understanding  of  the  systems  analysis  structure,  the  use  of 
appropriate  cost  categories,  knowledge  of  cost  element  structures,  consideration  of  the  effect  of  uncer¬ 
tainties,  the  use  of  cost  sensitivity  analysis,  and  a  clear  definition  of  the  actual  hardware  to  be  costed. 

Some  major  considerations  that  should  be  stressed  in  cost  analysis  are: 

1.  Emphasis  on  total  program  cost,  to  include  the  entire  spectrum  of  cost  implications  over  the 
life  of  the  program 

2.  Use  of  cost  categories  that  highlight  the  major  phases  in  the  life  cycle 

3.  Considerations  of  the  timing  of  cost 

4.  Explicit  handling  of  sunk  costs 

5.  Identifying  the  net  resource  requirements,  thereby  allowing  for*  inheritance  from  existing 
systems  and  recoverable  value  at  retirement  of  the  system. 

Inaccurate  or  imprecise  estimation  of  cos’s  of  competing  weapon  or  weapon  systems  may  result  in 
failure  of  an  overall  evaluation  to  discriminate  properly  among  alternatives. 
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TABLE  34-5.  COST  ESTIMATE  WORKING  REPORT  Ol’TLINE 


Cover  Page: 

Title 

Prepared  for _ 

Prepared  by  _ 

Participating  Organizations 

Approving  Authority  (na:ne.  rank,  and/or  title  and  signature) 

Date  of  Approval 
Key  Analysis 

Cost  Task  Summary  Sheet 
Cost  Estimate 

Cos;  Estimate  Change  Summary 

Cost  Estimate  Quality  Control  Checklist 

Contents 

Introduction: 

Purpose  of  Estimate 
History  of  Estimate 

Briel  Description  of  Items  or  Systems  'including  developmental  status) , 

Study  Ground  Rules 

Constraints 

Assumptions 

Work  Breakdown  Structure 
Organizational  Responsibilities 
Information  Summaries 
Product  Characteristics:  ■ 

Tabular 

Graphic  (comparisons  of  data  base  with  products  being  estimated) 

Schedule  (tabular  or  graphic) 

Resource  Expenditure 
Reference  Unit  Costs 
Data  Base  Items  (brief  description) 

Cost  Estimating  Relationships  Used  (with  constants) 

Cost  Uncertainty 

Cost  Sensitivity  Analysis 

Validation  Report 

Cost  Escalation  Implications 

Results  (cost  estimate  details)  - 

Conclusions: 

In  Response  to  Task  Assignment 
Relative  to  Cost  Analysis  and/or  Cost  Estimating 
Appendixes: 

A  —  Study  Directives,  Instructions,  and  Correspondence  (a  bibliography  list  by  date  of  receipt  or  date  of  origin  for 
outgoing  documents  followed  by  copies  of  study) 

B  —  Cost  Estimate  Schedule 
C  —  Bibliographic  List  of  Cost  Information  Survey 

D  —  Bibliographic;  List  of  Interim  Reports,  Working  Reports,  and  Ancillary  Reports  ' 

E  —  Cost  Estimate  Change.  Detail 

F  —  Summary  Report  (annotated  as  to  Working  Report  source  for  each  item  of  cost  information.) 
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CHAPTER  35 

WEAPON  SYSTEM  LIFE  CYCLE  COST  ESTIMATION  (LCCE) 

The  problem  of  determining  the  life  cycle  costs  of  a  weapon  system  is  an  twilled  prmvss.  Outlined  herein  are  ;  ariou » 
cost  guides  for  consideration  of  the  iteapnn  systems  analyst  and  some  of  the  more  gtneml  and  it  idcT.  practiced  cost  es¬ 
timation  procedures.  The  Army  divides  the  uerpnn  system  life'rw-e  into  three  phases — the  rehear  h  and  development 
i  Rfjf  Di  phase,  the  investment  or  proem ement  phase,  and  th-  operating  and  .tip port  ■  Oi?S  phase .  Cost  consideration' 
for  cash  of  these  three  phases  are  covered  in  some  explanatory  detail  fit  the  analyst,  ar  i  the  practice  of  using  either  the 
bottoms-up  or  tof-dou  n  approach  to  cost  estimation  problems  is  discussed.  These  two  different  approaches  may  he  con¬ 
sidered  to  invoke  either  the  analogy  method,  the  analytical  or ,  ost  estimation  ret.:.,  n  t  CER  i  method,  or  the  well -l  non  n 
and  widely  practiced  engineering  methods  of  cost  determination.  A  very  important  parameter  in  costing  the  life  cycle  .  /  a 
weapon  system  relates  to  the  estimation  of  the  useful  life  of  the  system,  ami  this  must  be  included  in  the  cost  analysis 
process. 

An  example  outlining  the  current  approach  to  cost  estimation  for  the  life  cycle  of  a  system  is  given  and  illustrated  fir 
the  Itility  Tactical  Transport  Aircraft  System  t  ETTAS). 

35-0  LIST  OF  SYMBOLS 

A  =  constant  to  be  determined 
A,  =  amount  of  expected  cost  in  the  ah  year,  dollars 
AEIV  =  aircraft  empty  weight 
AWGT  -  AM  PR  weight,  lb 
a  ~  In 

b  =  improvement  learning  curve  slope 
C  ~  general  symbol  used  for  cost 
C,  =  cost  of  ith  item  or  element 
CT  =  C(n)  -  cost  of  producing  the  first  n  items 
C  =  average  cost  per  cannon  for  the  first  1000  cannons 
d  -  exponent  to  be  determined 
F  “  cost  of  producing  the  first  unit 
n  -  number  of  items  produced 
n  -  period  of  the  life  cycle,  yr 
n  =  number  of  elements  costed  over  life  cycle 
Op  *  number  of  actual  operating  personnel,  in  thousands 
P  -  present  value,  dollars 
P-  peak  monthly, production  rate 

r,  *  (variable,  if  applicable)  discount  rate  used  for  the  ah  year,  expressed  3s  a  decimal 
S  »  “shift  factor"  to  account  for  inflation 
5  =  number  of  support  personnel  (Eq.  35-19),  in  thousands 
W  =  gun  weight,  lb 
X,  *  shaft  horsepower,  HP 
Xt  =  dry  weight,  lb 
x.  *  In  W 

Y\  *  prototype  AM  PR  weight,  ib 
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)j-  adjustment  in  cost  to  account  for  use  of  composite  materials 
y'  =  ln(7 

a1  =  average  \  trianc^  of  costs  for  all  dements  costed 
a,  ~  standard  error  01  total  cost 
b?w  =  estimate  of  standard  error  bf  residuals  for  ^7on  H' 

Oc(Inr)  =  standard  error  of  cost  for  Investment  phase 

oc\(j&S)^  standard  error  of  cost  for  the  O'  .-rating  and  Support  phase 

nAR&D)  ~  standard  error  of  cost  for  the  R&D  phase 
a,  -  standard  error  of  ith  element  cost 
<s>x  =  estimate  of  standard  error  of  residuals  for  yon  x 

35-1  INTRODUCTION 

During  tte  1%0’s,  major  weapon  system  programs  experienced  uninhibited  cost  growth  over 
original  estimate*  of  expected  life  cycle  costs.  This  has  been  variously  attributed  to  overoptimism  in 
cost  estimates,  design  changes,  modifications  to  accommodate  “desired”  characteristics,  overemphasis 
on  pushing  the  limits  of  technology  (high  risk  solutions),  schedule  slippages,  rapid  inflation,  etc.  For 
these  and  other  reasons,  escalation  in  weapon  systems  program  costs  has  been  thr  subject  of  continu¬ 
ing  criticism  and  debate  by  many,  including  the  Congress  of  the  t  ni.ed  States.  As  a  result,  the  Deputy 
Secretary  of  Defense  issued  a  memorandum  to  all  military  departments  vRrf.  I)  emphasizing  the  need 
to  improve  weapon  system  acquisition  practices,  specifically  the  need  for  cost  ftalism  and  improve¬ 
ments  'n  cost  estimating  and  validating  capabilities.  This  memorandum  was  followed  by  a  revision  to 
1X)D  Directive  5000.1,  Major  System  Acquisitions  (Ref.  2),  which  stressed  the  importance  of  careful 
s*udy  of  the  need  for  weapon  systems  and  adequate  assessment  of  the  risks  involved.  Primary  emphasis 
was  placed  on  trade-offs  among  capabilities,  cost  of  acquisition  and  ownership,  along  with  develop¬ 
ment  schedules.  Key  among  the  policy  objectives  was  a  “fly-before-buy”  concept  stressing  prototype 
and  hardware  testing  to  validate  performance  and  cost  prior  to  full-scale  development. 

In  response  to  this  guidance,  the  Department  of  the  Army  has  made  some  major  revisions  to  improve 
weapon  system  acquisition  and  management  practices  as  reflected  in  AR  100t-D  Basic  Policies  for 
Systems  Acquisition  (Ref.  3).  This  regulation  outlines  basic  procedures  inquired  to  implement  Army 
system  acquisition  policy  objectives. 

35-2  THE  WEAPON  SYSTEM  LIFE  CYCLE 

The  preparation  of  a  weapon  system  life  cycle  cost  estimate  must  be  responsive  to  the  requirements 
of  the  formal  process  to  obtain  funds  to  proceed  through  the  acquisition  cycle.  The  key  management- 
decision  milestones,  requiring  cost  estimates,  correspond  to  the  following  major  phases  of  the  weapon 
system  life  cy^Je: 

1.  Conceptual 

2.  Validation 

3.  Full-Scale  Development 

4.  Production  and  Deployment 

5.  Operating  and  Support  (formerly  ownership  phase). 

A  determination  that  cost  estimates  are  complete,  realistic,  and  acceptable  is  very  important  in  or¬ 
der  to  proceed  to  a  subsequent  life  cycle  phase.  The  following  guidelines  for  prepara'ion,  assessment, 
arid  revision  of  life  cycle  cost  were  specified  in  the  1972  edition  of  AR  1000- 1,  Basic  Policies  for  Systems  Ac¬ 
quisition  by  the  Department  of  the  Army.  . ' 
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“1.  Prior  to  Approval  to  Initiate  Conceptual  Phase.  The  materiel  developer  will  perform  an  initial 
broad  based  cost  assessment’  of  acquisition  cost  mainly  using  summary-  level  parametric  estimating 
techniques.  This  initial  assessment  will  be  of  major  cost  categories  and  to  the  extent  feasible  w  ill  es¬ 
timate  cost  of  major  items  or  components  below  the  system  level. 

“2.  Prior  to  Entering  Validation.  The  materiel  developer  will  prepare  a  baseline  cost  estimate  as 
detailed  as  possible  in  conformance  with  the  single  work  breakdown  structure  (YVBS)  established.  This 
estimate  will  also  establish  all  discrete  cost  elements  for  the  program,  cost  parameters,  arid  the  initial 
‘design  to’  unit  cost  goal.  The  estimate  for  program  acquisition  cost,  a  part  of  the  baseline  cost  es¬ 
timate,  will  serve  as  a  basis  for  submission  to  DSARC/ASARC*  review  and  establishment  of  the  Army- 
Planning  Estimate.  Beginning  with  the  planning  estimate,  cost  estimates  arid  parameters  must  be  suf¬ 
ficiently  realistic  so  that  significant  changes  to  cost  parameters  will  not  occur  subsequently.  An  In¬ 
dependent  Parametric  Cost  Estimate  (IPCE)  will  be  prepared  and  submitted  for  DSARC/ASARC  I 
review. 

“3.  Prior  to  Entering  Full-Scale  Development.  The  materiel  developer  will  perform  a  deliberate  re- 
estimate  of  cost  for  DSARC/ASARC  II  and  will  recommend  establishment  of  the  development  es¬ 
timate  baseline  for  program  acquisition  cost.  An  Independent  Parametric  Cost  Estimate  (IPCE)  will 
be  prepared  and  submitted  concurrently.  The  cost  parameters  previously  established  will  be 
reassessed  and  resubmitted  to  provide  realistic  ‘design  to’  unit  cost  goals  in  RF?’s  (Request  for 
Proposals)  and  contracts.  The  impact  of  he  costs  of  ownership  (operating  costs)  will  be  upv  :ed  only 
when  necessary  for  specific  decision  purposes. 

“4:  Prior  to  Entering  Low-Rate  Initial  Production.  The  developing  agency  will  reassess  the  develop¬ 
ment  estimate  for  program  acquisition  cost  and  will  reassess  the  impacts  of 'design  to’  requirements  on 
cost  parameters  for  DSARC/ASARC  Ila  review. 

“5.  Prior  to  Entering  Full-Scale  Production.  The  developing  agency  will  again  perform  a  deliberate 
re-estimate  of  the  investment  (procurement)  cost  portion  of  the  development  estimate.  At  this  time  ah 
industrial  engineering  type  estimate  will  consider  detail  levels  of  the  work  breakdown  structure 
(WBS).  The  objective  is  ri>  obtain  the  most  comprehensive  assessment  possible  of  the  expected 
production  cost.  The  contractor’s  experience  during  low  rate  initial  production  will  be  reviewed  and 
analyzed  to  determine  validity  of  the  ‘design  to’  unit  cost  and  the  cost  for  production/procurement  re¬ 
ported.  This  cost  estimate  supports  the  DSARC/ASARC  III  review.”  • 

Throughout  the  life  cycle,  the  baseline  cost  estimate  established  dur.  tg  the  conceptual  phase  serves 
as  the  point  of  departure  for  all  subsequent  cost  rr  usessment*.  This  pro"ides  for  the  traceability  of  the 
cost  estimate  for  evaluating  program  cost  vat  wince  in  accordance  with  Ref.  4.  The  assignment  of 
responsibility  for  the  preparation  of  an  Independent  Parametric  Cost  Estimate  (IPCE)  is  done  by  the 
Comptroller  of  the  Army,  and  this  estimate  is  developed  independently  of  the  developer  estimates  for 
submission  through  command  channels  for  each  DSARC/ASARC  review. 

Through  the  materiel  acquisition  process,  life  cycle  cost  estimates — to  including  funding  i.rofiles — 
are  necessary  to  support  funding  decisions  to  continue  with  program  development.  Further  guidance 
cn  cost-estimating  requirements  in  support  of  management  decisions  can  be  obtained  fiom  Refs.  5,  6, 
and  7. 

It  will  be  very  helpful  at  this  point  to  discuss  briefly  the  life  cycle  of  a  materiel  system  which  is  shown 
schematically  in  Fig.  35-1  (Fig.  2-1  of  Refs.  8,  9,  and  10).  Note  in  particular  that  the  figure  is  oriented 
toward  indicating  program  costs  throughout  the  life  cycle.  On  a  time  scale  basis,  one  notes  the  in- 
house  planning  phase,  the  conceptual  phase,  the  full-scale  development  phase,  the  production  and 

*  DSARC/ASARC.  •  Defense  Systems  Acquisition  Review  Council/ Army  Systems' Acquisition  Review  Council 


Figure  35-1.  Life  Cycle  of  a  Materiel  System  (Ref.  8) 
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deployment  phase,  and  the  operating  and  support  phase  which  overlaps  the  production  and  deploy¬ 
ment  phase.  Note  also  the  division  into  research,  exploratory  development,  advanced  development, 
engineering  development,  and  full-scaie  development,  Generally,  the  more  significant  milestones — in 
terms  of  the  ASARC/DSARC — are  indicated  and  include  the  letter  ol  agreement  (LOA).  the  decision 
coordination  paper  (DCP),  the  required  operational  capability  (ROC),  the  development  plan  (DP), 
the  low-rate  initial  production,  and  initial  operational  capability  (IOC).  The  more  important  cost 
phases  in  the  whole  life  cycle  cost  analysis  include  the  research  and  development,!  R&D)  costs,  the  in¬ 
vestment  costs,  and  ihe  operating  and  support  (O&S)  costs.  The  height  of  the  curves  indicates  the 
relative  costs  for  each  of  the  significant  cost  phases.  Indeed,  if  the  program  costs  (ordinates)  could  be 
estimated  accurately,  and  especially  if  the  shown  costs  were  costs  per  unit  of  time,  the  integration  of 
these  curves  over  time,  i.e.,  over  the  life  cycle,  would  give  an  acceptable  account  of  total  costs.  Ob¬ 
viously,  the  costs  over  each  of  the  individual  phases  will  vary  from  one  weapon  system  to  another,  and 
it  is  the  job  of  the  cost  analyst  to  notice  the  differences  and  to  determine  projected  costs  as  precisely  as 
possible.  Hopefully,  experience  in  estimating  the  different  cost  phases  might  apply  to  several  weapon 
systems. 

Fig.  35-1 — applying  to  Army  “materiel  systems" — is  rather  general  in  character. 

A  “materiel  system”  Consists  of  all  tangible  items — including  ships,  tanks,  self-propelled  weapons, 
aircraft,  etc.,  and  related  spares,  repair  parts,  and  support  equipment ;  but  excl  ..ding  real  property,  in¬ 
stallations,  and  utilities — necessary  to  equip,  operate,  maintain,  and  support  military  activities 
without  distinction  as  to  its  application  for. administrative  or  combat  purposes.  A  “system”,  for  our 
purposes,  is  a  combination  of  components  which  function  together  as  an  entity  to  accomplish  a  given 
objective. 

The  boundaries  of  different  materiel  systems  may  seem  to  vary,  but  the  key  words  in  the  given  defini¬ 
tion,  “function  together  as  an  entity”,  serve  to  define  the  system.  For  example,  a  large  missile  such  as 
the  PERSHING  may  function  within  a  force  unit  of  a  battalion;  while  a  rifle,  together  with  the  man 
who  carries  it  and  some  maintenance  men,  would  constitute  a  functional  entity)  As  a  practical  matter, 
it  is  often  possible  to  define  many  systems  at  battalion  level  or  lower.  In  some  cases,  however,  there  will 
still  be  difficulty  in  deciding  what  costs  should  be  attributed  to  the  materiel  system.  The  applicable 
principle  is  “if  a  given  component  would  not  exist  if  the  system  did  not  exist,  then  that  component 
must  be  included  in  the  definition  of  the  materiel  system”. 

Divisional  and  nondivisional  support  cost  estimates  are  major  topics  of  interest  for  the  cost  analysts, 
nevertheless. 

35-3  THE  COST  GUIDES  AND  GENERAL  COSTING  METHODS 

As  we  have  indicated,  there  are  three  major  areas  or  categories  which  have  been  developed  for  es¬ 
timating  the  lift  cycle  costs  of  Army  materiel  systems;  these  are  the  research  and  development  phase, 
the  investment  phase,  and  the  operating  and  support  phase.  In  this  connection,  a  common  framework 
for  general  cost  communication  among  interested  personnel  is  given  on  Fig,  35-2,  the  Army  life  cycle 
cost  matrix.  Note  the  division  into  rows  and  columns  such  that  (1 )  the  rows  represent  the  cost  elements 
for  R&D,  investment,  and  O&S  costs;  and  (2)  the.columns  refer  to  system  elements,  such  as  system 
frame,  propulsion,  guidance  and  control,  and  fire  control.  The  framework  must  be  compatible  with 
cost  analysis  policy  and  convention;  it  must  be  capable  of  capturing  100%  of  the  costs;  and  it  must  be 
manageable  in  size.  Simplification  in  level  of  cost  analysis  detail  is  very  essential  also. 

The  US  Army  has  published  thi  ee  very  useful  and  informative  major  cost  guides  for  the  cost  analyst 
or  the  weapon  systems  analyst,  namely;  the  Research  and  Development  Cost  Guide  for  Army  Materiel  Systems 
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(Ref.  8),  the  Investment  Cost  Guide  for  Army  Materiel  Systems  {Ref.  9),  and  the  Operating  and  Support  Cost 
Guide  for  Army  Materiel  Systems  (Ref.  10). 

Ref.  8  indicates  that  there  are  two  major  cost  estimating  approaches,  and  we  quote: 

“Estimates  for  materiel  system  acquisition  costs  are  either  derived  from  detailed,  grassroot  calcula¬ 
tions  (the  industrial  engineering  approach)  or  based  on  the  relationships  between  more  aggregate 
components  of  system  cost  and  the  physical  and/or  performance  characteristics  of  the  system.  These 
relationships  should  be  derived  from  cost  histories  on  prior  programs.  The  latter  method  is  often  called 
the  parametric  approach.  Two  additional  descriptors,  which  will  be  used  in  this  guide,  have  come  into 
common  usage  because  of  the  clarity  with  which  they  capture  the  essential  difference:  Bottoms-up  for 
the  detailed  industrial  engineering  approach  and  Top-down  for  the  parametric  approach. 

“Historically,  defense  contrac  tors  have  employed  the  bottoms-up  approach  in  their  proposal  pricing 
and  planning  purpose  estimates  for  the  Government.  Because  of  Government  Program  Managers 
(PM’s)  responsibilities  in  connection  with  defense  contractors,  it  has  evolved  that  PM  estimates  of 
program  costs  mirror  the  detailed  work  breakdown  structure  (WBS)  associated  with  contractor  cost 
estimates.  Thus  the  PM  estimate,  described  as  the  Baseline  Cost  Estimate  (BCE),  usually  reflects 
bottoms-up  cost  estimating  methodology. 

“The  advent  of  top-down  cost  estimating  methodology  brought  the  opportunity  for  a  genuine  cross¬ 
check  of  detailed  bottoms-up  cost  estimates.  The  descriptor.  Independent  Parametric  Cost  Estimate 
(IPCE),  has  been  given  to  those  estimates  employing  the  top-down  cost  estimating  methodology. 

“For  the  cross-checking  or  validation  process  to  be  productive  it  is  necessary  that  a  common  ground 
be  created  whereupon  differently  derived  estimates  may  be  compared,  analyzed,  and  judged.  A  crucial 
criterion  in  the  selection  of  such  a  common  ground  is  that  the  WBS  selected  should  not  preclude  (by  its 
inherent  composition)  the  choice  of  either  top-down  or  bottoms-up  methods.  While  it  is  possible  to 
aggregate  detailed  cost  (i.e.,  to  pyramid)  it  is  not  possible  to  disaggregate  composite  costs  (to  un¬ 
pyramid)  any  lower  than  the  level  of  costs  used  in  creating  the  cost  estimating  relationship.  (Example: 
If  you  cost  the  construction  of  a  new  1 800-square-foot  home  on  the  basis  of  $22. 00/square  foot  [a  factor 
derived  by  averaging  the  square  foot  costs  of  several  new  homes  in  the  area]  which  yields  a  composite 
cost  of  $39,600,  you  cannot  say  how  much  of  the  $39,600  is  the  plumber’s  or  electrician’s  cclst.)  Thus, 
the  common  ground,  as  wfould  be  reflected  in  a  WBS,  must  take  into  consideration  perceptions  of  the 
general  level  of  detail  upon  which  cost  estimating  relationships  are  based.  This  is  a  function  of  the 
overall  quality  and  general  structure  of  the  historical  data  base  and  the  levels  of  cost  aggr:gation  at 
which  cost  analysts  conventionally  work. 

“During  the  early  phases  of  the  acquisition  process  only  limited  requirements  information  is 
available.  The  top-down  approach  is  particularly  suited  to  making  estimates  based  on  limite  i  physical 
and  performance  information.  The  descriptor,  ‘Cost  and  Operational  Effectiveness  Analyses’ 
(COEA),  has  been  given  to  those  cost/effectiveness  studies  performed,  principally,  in  the  car:  y  acquisi¬ 
tion  phases.  Research  and  Development  phase  costs  of  system  alternatives  evaluated  in  COEA  arc 
derived  using,  principally,  the  top-down  cost  estimating  approach.”. 

Trainor  (Ref.  1 1)  adds  a  third  basic  method  of  costing  materiel  systems — the  “analogy”  method. 
Estimation  by  analogy  involves  establishing  a  cost-oriented  relationship  between  a  project  vhose  cost 
is  known  and  the  project  for  which  costs  are  to  be  estimated.  As  an  .example,  it  is  sometimes  { ossible  to 
make  a  simple  cost  per  pound  analogy.  During  much  of  World  War  II,  for  example,  it  was  not  too  in¬ 
appropriate  to  cost  some  weapon  systems  at  about  $1  per  lb  for  the  nonelectronic  components,  while 
the  cost  for  VT  fuzes,  for  example,  was  about  $35  per  lb.  Trainor  (Ref.  1 1)  points  out  that  if  a  combat 


35-7 


DARCOM-P  706-102 


vehicle  costs  $2.70  per  lb,  then,  as  a  first  approximation,  it  may  be  possible  to  conclude  that  its  replace¬ 
ment,  even  though  20%  heavier,  will  also  cost  about  $2.70  per  lb.  Thus  the  chief  advantages  of  the 
analogy  technique  are  its  ease  of  application  and  the  fact  that  it  may  even  avoid  much  detailed  costing 
of  the  system  items  or  components. 

By  way  of  summary,  we  see  that  the  bottoms-up  method  is  the  usual  engineering  approach  which 
has  long  been  used,  while  the  top-down  approach  attempts  to  identify  some  of  the  key  or  more  impor¬ 
tant  parameters  and  develops  a  cost  estimation  relation  (CER)  in  terms  of  the  finally  adopted 
parameters.  Naturally,  it  would  be  expected  that  the  top-down  or  parametric  approach  could  involve 
the  principles  of  statistical  regression  theory,  and  in  fact  it  does. 

The  engineering  approach  is  one  of  the  most  common  and  certainly  the  most  detailed  method  of  :ost 
estimation.  Indeed,  it  involves  a  complete  description  of  the  system,  a  detailed  list  of  activities  and  all 
the  operations  that  are  required  for  completion  of  the  tasks,  etc.  Thus  the  engineering  estimate, . 
although  very  complex,  has  been  widely  used  in  industry  and  is  often  important  in  project  justification 
because  it  may  present  solid  evidence  that  the  engineers  will  have  a  sufficiently  detailed  understand¬ 
ing  of  the  system  they  are  to  develop.  When  properly  used,  the  engineering  estimate  can  provide  a 
detailed  and  accurate  cost  estimate.  The  technique  is  not  commonly  used  by  DOD,  however.  The 
engineering  type  estimate  is  applicable  to  nearly  all  kinds  of  major  projects  and  weapon  systems  and  is 
also  used  for  the  production  phase  of  a  system,  especially  along  with  the  so-called  “learning  curve'’ 
type  of  projections  for  many  units  produced.  The  degree  of  learning  has  been  shown  to  be  quite  pre¬ 
dictable  within  acceptable  limits  for  repetitive  operations  involving  weapon  system  components,  elec¬ 
tronics,  and  automotive  equipment.  It  has  not  been  shown  to  have  been  entirely  successful  in  many 
field  or  environmental  conditions  where  things  are  not  so  well  controlled  as  in  the  factory.  The 
engineering  approach,  it  can  be  seen,  is  very  time-consuming  and  somewhat  complex;  therefore, 
quicker,  less  costly  techniques  are  desired. 

The  top-down  or  parametric  cost  estimating  procedure,  which  establishes  the  relation  between  cost 
and  the  characteristics  or  major  parameters  of  weapon  systems,  often  is  very  economical  and  entirely 
satisfactory.  Some  typical  cost-related  parameters  or  variables,  for  example,  might  include  system  or 
component  weight,  speed,  and  horsepower.  In  fact,  it  might  be  said  that  the  parametric  approach  is  an 
extension  of  the  analogy  technique  to  include  more  parameters  and  a  statistically  supportable  basis. 
The  parametric  technique  has  become  increasingly  popular  perhaps  due  to  work  at  the  RAND  Cor¬ 
poration  through  the  1960’s.  In  fact,  the  parametric  technique  often  was  used  for  estimating  procure¬ 
ment  costs  of  airframes,  engines,  and  various  categories  of  electronic  equipment  or  power  supplies.  It 
has  not  been  used  often  to  estimate  development  costs.  Statistical  regression  techniques  have  been , 
found  to  be  very  valuable,  and  increased  sample  sizes  in  such  regression  analyses  would  be  expected  to 
reduce  risks  of  estimation.  Thus  the  analogy  technique  may  often  be  a  “back  of  the  envelope”  type 
calculation,  often  involving  a  single  “parameter”;  whereas  the  parametric  approach  uses  available 
data  to  fit  a  curve  relating  costs  to  values  of  the  parameters  and  hence  may  become  quite  sophisticated 
indeed.  In  the  parametric  approach,  the  analyst  must  be  careful  to  develop  a  good  law  or  the  proper 
relationship  between  expected  cost  and  sensible  functions  of  the  parameters  used.  Parametric  tech¬ 
niques  are  nearly  always  preferred  to  analogy  techniques  for  estimating  costs  when  a  sufficient  data 
base  is  available,  and  a  keen  cost  analyst  develops  proper  regression  relations.  There  is  often  a  limita¬ 
tion  in  the  use  of  parametric  techniques — one  must  be  careful  not  to  extrapolate  for  inferences  beyond 
standard  errors  of  prediction.  In  fact,  cost  equations  may  be  very  nonlinear,  and  hence  linear  regres¬ 
sion  methods  may  not  actually  apply. 
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All  three  estimating  procedures— tl  e  engineering  or  bottoms-up,  the  analogy,  and  the  parametric  or 
top-down  methods — are  most  commonly  applied  to  the  estimation  of  production  costs,  although  they 
may  be  applied  to  the  estimation  of  development  costs  also.  However,  development  cost  estimation 
may  be  expected  to  be  more  unreliable  than  production  cost  estimation.  Nevertheless,  once  a  good 
parametric  or  regression  equation  is  available,  it  can  be  used  quickly  to  get  answers.  On  the  other 
hand,  the  ordinary  engineering  approach  would  be  too  detailed,  costly,  and  time-consuming. 

In  the  paragraphs  that  follow  we  discuss  research  and  development  costs,  which  actually  are  related 
primarily  to  development  rather  than  research;  investment  costs;  and  operating  and  support  costs. 

35-3.1  RESEARCH  AND  DEVELOPMENT  COST  GUIDE 

The  basic  principles  and  guidelines  for  treatment  of  research  and  development  cost  estimation  prob¬ 
lems  are  covered  in  Ref.  8.  R&D  cost  es  mates  are  needed  to  permit  labor  savings,  to  permit  trade-offs 
between  life  cycle  phases,  to  achieve  be  er  balance  between  equipment  purchase  and  repair,  to  per¬ 
form  better  comparisons  between  new  materiel  systems,  and  to  provide  management  visibility  of 
critical  resource  requirements.  The  R&D  cost  guide  (Ref.  8)  is  expected  to  apply  as  a  minimum  to: 

“(1)  All  programs  for  which  there  is  an  expectation  of  a  Cost  Analysis  Improvement  Group  (CAIG) 
review. 

(2)  All  programs  expected  to  enter  the  Army  Systems  Acquisition  Review  Council/Defense 
Systems  Acquisitions  Review  Council  (ASARC/DSARC)  process. 

(3)  All  alternatives  expected  to  be  listed  in  the  final  Decision  Coordination  Paper  (DCP). 

(4)  All  other  programs  as  may  be  directed  by  the  Comptroller  of  the  Army. 

“The  presentation  and  documentation  requirements  do  not  apply  to  the  myriad  alternatives,  op¬ 
tions  or  scenarios  conceived  in  the  course  of  the  iterative  process  of  defining  and  redefining  systems  re¬ 
quirements.  They  apply  once  it  can  be  concluded  that  the  process  has  yielded  alternatives  that  are  can¬ 
didates  for  senior  decision  makers  (DA  Staff)  attention.” 

“The  term,  ‘R&D  Cost’,  is  defined,  in  general,  to  be  the  sum  of  all  costs  resulting  from  applied 
research,  engineering  design,  analysis,  development,  test,  evaluation,  and  managing  development  ef¬ 
forts  related  to  a  specific  materiel  system.  The  term  R&D  cost  includes: 

(1 )  AH  costs  to  the  Government,  defined  as  contractor  costs  plus  in-house  costs,  of  products  and  ser¬ 
vices  necessary  to  bring  a  specific  materiel  system  from  concept  to  serial  production. 

_ (2)  All  costs  to  the  Government  of  developing  the  specific  capability,  irrespective  of  how  such  costs 

are  funded,  i.e.,  irrespective  of  which  appropriations  (RDTE,  MPA,  MCA,  or  OMA)  are  cited,  and 
irrespective  of  which  organization  within  the  Army  has  responsibility.” 

“Specifically  excluded  from  R&D  cost  estimates  are: 

a.  Co  its  incurred  during  the  Investment  and  Operating  and  Support  phases  of  a  program. 

b.  Research  and  Development  coats  which  cannot  be  directly  related  to  the  system  itself  or  which 
cannot  be  reasonably  allocated  to  the  system.  Research  (6.1)  and  Exploratory  Development  (6.2) 
categories  are  not  considered  to  be  program  peculiar  R&D  costs.”. 

A  major  fraction  of  the  total  R&D  costs  are  for  services  performed,  as  comp  red  to  products 
produced.  In  fact,  the  coat  of  R&D  services  may  be  some  2/3  of  total  R&D  costs.  For  civilian  services, 
some  useful  algorithms  have  been  developed;  an  example  is  Fig.  35-3.  The  cost  analyst  is  expected  to 
make  explicit  formulations  such  as  in  Fig.  35-3  which  underpin  the  methodology  employed  in  his 
estimate. 

For  military  personnel,  the  cost  per  man  ye&r  should  include  the  following  (Ref.  8): 
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Figure  35-3.  Cost  Per  Man  Year  Methodology  (Ref.  8) 
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“  ( 1 )  Actual  mean  pay  based  on  grade  and  MOS  assuming  a  weighted  average  length  of  service  for 
each  grade. 

(2)  Basic  Allowance  for  Subsistance  and  Basic  Allowance  for  Quarters  (BAS  and  BAQ)  based  on 
gr<.  .o  structure  and  percent  by  grade  receiving  BAQ. 

(3'  Special  pav.  if  applicable,  received  by  individuals  based  on  the  personnel  requirements 
specified  in  the  table  of  distribution  and  allowances  (TDA)  or  requesting  authority.  These  pays  should 
be  added  to  the  mean  cost  per  person  based  on  the  percentage  required  to  possess  the  particular  skill.”. 

Such  methods  of  estimating  costs  of  services  may  be  expected  to  apply  as  well  to  the  investment 
phase  and  in  some  instances  to  the  operating  and  support  phase  also. 

There  are  two  types  of  estimates  of  costs ;  one  is  a  point  estimate,  and  the  other  a  range  estimate.  The 
point  estimate  does  not  reflect  any  uncertainty  associated  with  it,  and  too  often,  therefore,  it  implies  a 
very  precise  estimate.  For  this  reason,  a  range  of  costs — based  on  the  inherent  cost  estimating 
uncertainty — should  be  provided.  In  fact,  costs  estimated  from  statistical  considerations  are  often  very 
valuable  because  the  statistician  may  be  able  to  place  confidence  bounds  about  many  cost  estimates. 

As  we  have  mentioned,  the  term  “research  and  development  cost  estimation”  is  somewhat  of  a  mis¬ 
nomer  because  cost  estimation  problems  related  to  this  phase  are  predominantly  for  development.  In 
other  words,  costs  for  research  may  be  mostly  for  the  use  of  brains  and  some  special  (but  often  costly) 
equipment,  and  it  is  to  be  realized  that  many  results  from  any  research  effort  may  apply  to  a  variety  of 
development  projects.  In  fact,  even  programmed  research  may  turn  out  to  be  applicable  mostly  to  a 
very  different  field  of  interest  than  that  for  which  the  effort  has  been  expended. 

Development  costs  are  not  easy  to  estimate,  and  the  process  often  turns  out  to  be  a  much  more  in¬ 
volved  or  complex  problem  than  that  of  estimating  costs  for  the  investment  (procurement)  or  for  the 
O&S  phase.  A  very  interesting  account  cf  the  development  cost  estimating  problem  has  been  given  by 
Trainor  (Ref.  12),  who  made  a  study  of  some  seven  techniques  of  estimating  costs  of  weapon  systems — 
“all  wrong”,  as  he  puts  it.  Trainor  (Ref.  12)  discusses  the  seven  techniques — the  component  buildup 
method  (an  engineering  type  approach),  the  component  buildup  method  plus  a  correction  factor,  a 
risk  analysis-network  theor  type  of  approach,  analogy  techniques,  a  “remote”  analogy  technique  (as 
compared  to  the  direct  analogy  process),  a  complexity  factor  analysis  type  of  approach,  and  the 
parametric  cost  analysis  approach.  He  points  out  the  advantages  and  disadvantages  of  all  of  these  cost 
analysis  approaches  in  some  rather  convincing  detail.  Clearly  then,  there  is  always  the  need  for  much 
cross-checking  in  cost  analysis  methodology,  and  different  approaches  have  to  be  pursued.  For 
development  costs  in  general,  Trainor  (Ref.  12)  indicates  that  variations  between  the  estimates  and  ac¬ 
tual  development  costs  for  some  major  systems  can  often  vary  by  as  much  as  200-300%. 

35-3.2  INVESTMENT  COST  GUIDE 

Ref  9  gives  guidelines  for  costs  relative  to  the  investment  or  procurement  phase.  The  investment 
costs,  are  the  one-time  expenditures  that  must  be  made  to  introduce  a  new  weapon  into  the  operational 
force.  Investment  costs  are  needed  for  the  same  reasons  as  those  listed  for  R&D  in  par.  35-3.1,  and  the 
investment  cost  guide  (Ref.  9)  applies  as  a  minimum  to  the  four  conditions  at  the  beginning  of  par.  35- 
3.1  also.  The  investment  cost  elements  are  listed  on  Fig..  35-2,  although  ,he  element  No.  2.01,  Nonre¬ 
curring  Investment,  is  actually  broken  down  further  into: 

1.  Initial  Production  Facilities  (IPF) 

2.  Industrial  Facilities/Production  Base  Support  (PBS) 

3.  Other  Nonrecurring 


/ 
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Furthermore,  the  element  No.  2.02,  Production,  is  broken  down  into: 

1.  Manufacturing 

2.  Recurring  Engineering 

3.  Sustaining  Tooling 

4.  Quality  Control 

5.  Other. 

Of  course,  costs  for  each  of  the  various  elements  must  be  estimated,  as  well  as  additional  significant 
elements  not  listed  if  they  occur. 

“The  term  ‘investment  cost’  is  defined,  in  general,  to  be  the  sum  of  all  costs  resulting  from  the 
production  and  introduction  of  the  materiel  system  into  the  Army’s  operational  inventory.  The  term 
‘investment  cost’  includes: 

(1)  All  costs  to  the  Government,  defined  as  contractor  costs  plus  in-house  costs,  of  products  and 
services  necessary  to  transform  the  results  of  R&D  into  a  fully  operational  system  consisting  of  the 
hardware,  training,  and  support  activities  necessary  to  initiate  operations. 

(2)  Costs  of  both  a  nonrecurring  [nature],  i.e.,  costs  which  are  required  to  establish  a  production 
capability,  and  recurring  nature,  i.e.,  costs  which  occur  repeatedly  during  production  and  delivery  to 
user  organizations. 

(3)  Costs  of  all  production  products  and  related  services,  irrespective  of  how  such  costs  are  fund¬ 
ed,  i.e.,  irrespective  of  which  appropriations  (PROC,  MPA,  OMA,  MCA),  are  cited,  and  irrespective 
of  which  organization  within  the  Army  has  responsibility. 

(4)  All  costs  resulting  from  production  and  introduction  into  operational  inventory  irrespective  of 
how  allocated  among  Unit  Equipment  (UE),  Maintenance  Float  (MF),  and  Training  Usage  classifica¬ 
tions.”  (Ref.  9) 

Production  cpst  estimating  is  also  an  activity  involving  uncertainty  or  error,  but  it  involves  much  less 
error  than  that  of  estimating  costs  for  development.  Estimates  often  are  within  20%  of  actual  costs,  and 
they  seldom  vary  by  as  much  as  200%.  The  practice  of  using  parametric  cost  estimating  techniques  for 
production  has  worked  well  indeed  and  has  been  especially  useful  in  reducing  errors  of  estimation. 
Much  of  the  variation  in  estimated  unit  production  costs  is  actually  the  result  of  inadequate  resource 
allocation,  which  in  turn  results  in  reductions  in  the  planned  quantities  or  planned  production  rates 
themselves. 

The  investment  phase  includes  production,  and  it  is  for  this  item  of  the  investment  cost  matrix  that 
we  may  illustrate  an  example  of  the  top-down  cost  estimating  approach  and  the  use  of  cost  estimation 
relations  (CER’s).  This  particular  application  is  for  the  so-called  “learning  curve”,  which  is  an  equa¬ 
tion  expressing  the  cumulative  cost  of  producing  any  number  of  items  in  terms  of  the  cost  for  the  first 
item  produced  and  the  “learning  curve  slope”,  as  it  is  called*  To  illustrate,  let 

Ct  m  C(n)  *  cost  of  producing  the  first  n  items 

n  *  number  of  items  produced 

F  *  cost  of  producing  the  first  unit 

b  m  improvement  learning  curve  slope. 

Then,  the  equation  usually  employed  to  estimate  the  total  cost  of  producing  n  items  is 

CT  -  Fn1**  (35-1) 

•  See  a l*o  Chapter  36. 
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It  is  easy  to  linearize  Eq.  35-1.  Taking  natural  logarithms  of  both  sides,  we  have 

lnCr  =  In -h  (1  +  6)lnn. 


'  (35-2) 


Thus  with  cost  data  for  the  first  item  produced  and  the  total  cumulative  cost  for  any  number  n  of  the 
items,  the  “learning  slope”  b  may  be  determined  and  used  for  future,  similar  production.  Alternatively, 
once  the  exponent  b  is  known  for  some  typical  item,  and  the  cost  Fof  the  first  item  is  also  known,  Eq. 
35-1  may  be  used  to  determine  the  total  cost  of  any  number  n  of  items  produced.  Eq.  35-2  is  especially 
useful  for  linear  regression  studies  and  the  determination  of  errors  of  prediction. 

IXte  to  inflation  or  rising  costs  for  many  military  items,  it  is  often  necessary  to  modify  Eq.  35-1  to  ac¬ 
count  for  changing  dollar  values.  This  is  done  in  terms  of  a  “shift  factor”  S  that  represents  the  value  of 
the  dollar  for  any  given  year  to  that  for  a  reference  or  “standard”  year  Thus  Eq.  35-1,  modified  to  ac¬ 
count  for  inflation,  would  become 


CT  =  Fn'+'S. 


(35-3) 


Ref.  9  covers  a  very  good  and  informative  example  of  the  top-down  or  parametric  approach  for 
costing  artillery  type  weapons,  or  cannons.  The  example  is  in  terms  of  the  “cumulative  average  cost” 
for  various  calibers  of  cannon  as  a  function  of  the  gun  weight  only.  The  cumulative  average  cost  is 
defined  as  the  total  cost  of  producing  some  number  n  of  cannons  divided  by  that  particular  number  of 
cannons.  In  the  example,  it  was  found  that.an  acceptable  estimate  of  the  cumulative  average  cost  could 
be  found  in  terms  of  only  one  parameter,  i.e.,  the  gun  weight.  The  initial  data  studied  by  the  cost 
analyst  are  given  in  Table  35-1,  which  is  Fig.  B-6  of  Ref.  9.  Fig.  B-5  of  Ref.  9,  reproduced  here  as  Fig. 
35-4,  indicates  the  original  cost  information  for  different  calibers  of  cannon  plotted  against  gun  weight 
in  pounds  from  the  appropriate  columns  of  Table  35-1.  The  cost  analyst  has  fitted  a  curve  of  the  form 


C  =  AW* 


(35-4) 


where 

U  =*  average  cost  per  cannon  for  the  first  1000  cannons 
A  »  constant  to  be  determined 
d  =*  exponent  to  be  determined 
W  =  gun  weight,  lb. 


To  illustrate  th.-  cost  estimation  relation  (CER)  approach  for  determining  predicted  cost  of  any 
weight  of  cannon,  one  may  easily  apply  linear  least  squares  by  woiking  with  logarithms  for  both  sides 
of  Eq.  35-4.  Thus  this  transformation  gives 

ln^  -  ln/1  +  d\n  W  (35-5) 


or 


y  »  a  +  dx 


(35-6) 


Figure  35-4.  Cannon  Manufacturing  Cost  vs  Gun  Weight 
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where 

y  =  In  n 


(35-7) 


a  =  1  n  .-1 


(35-8) 


x  =  In  If'. 


(35-9' 


The  calculations  to  fit  the  line  of  Eq.  35-6  arc  indicated  on  Table  35-2;  the  notation  is  that  of  Ref.  13. 
Thus,  the  line  is  fitted  using  logarithms  of  the  costs  in  1972  dollars  and  the  weights  of  cannon  in 
pounds.  The  line  fitted  is 


In  £7  =  4.02  +  0.658  InW' 


(35-10) 


which  may  be  returned  to  the  original  scale  by  taking  antilogs,  i.e., 


(7  =  ,4.01  {p’44M 

or 

U  =  55.7  h'0—. 


(35-11) 


Eq.  35-1 1  then  gives  a  CER  from  which  the  average  cost  per  cannon  in  1972  dollars  may  be  estimated 
from  any  cannon  weight  W  in  pounds.  Suppose,  for  example,  one  were  interested  in  the  cost  of  a  new 


TABLE  35-2 

CALCULATION  OF  CER 


r, 

X 

Dollars 

lb 

.  *  In  C 

*  InJf' 

,  686 

40 

6  53 

369 

7951 

1590 

8  98 

7.37 

n  n  14 

6442 

1352 

8.77 

721 

2m  -  105  85.  Zr  -  125.92 

9449 

2370 

9  15 

7,77 

J  -  7.56.  ’f  -  8  99 

6465 

2370 

8  77 

7.77 

Zm*  -  827  26.  Z»*  -  1 155  09 

11829 

2650 

9.38 

7.88 

Zty  -  969.78 

2648 

365 

7  88 

'  5.90 

1 

8639 

2485 

906 

7.82 

CfcR:  C  -  -4h« 

3800 

1064 

824 

6.97 

25839 

6280 

10.16 

8.75 

Fitted  equal  ion:  j  m  «  -*•  dx 

8581 

2970 

9  06 

8  00 

with  j  •  In  C 

18000 

2840 

980 

795 

a  *  In  A 

27288 

13800 

10  21 

953 

m  m  In  W 

20545 

10350 

993 

9.24 

A„  *  (Z?  — 

(Ir)'  - 

37742 

A„  »  ntf  ~ 

(Z>)*  - 

175.38 

A,,  ■  nZxj  - 

<Zi)(Z;) 

-  248  29 

Sloped  -  A„/A„  -  248.29/377.42  -  0  658 
i  ucrcept  t  -  ln-4  «  )  -  dt  »  4  02 
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or  proposed  cannon  that  weighed  10,l»00  ib.  Then,  we  calculate  the  average  cost  per  cannon  for  the 
first  1000  such  cannons  to  be 

C  =  55.7(10000)° Ms  *  $23,870 

from  the  fitted  CER. 

The  standard  deviation  of  residuals  about  ihe  line  on  the  logarithmic  scale  (Eq.  35-6)  is 

a,  =  0.268 

which  converts  to  about 

o?w  %  (1 1 297) (0.268)  »  $3028 

for  the  original  cost  in  dollars  and  the  cannon  weight  scale.  Hence  the  standard  error  of  prediction 
from  the  fitted  curve  at  the  mean  value  x  ~  7.36  is  0.268/ v/T3  *  0.07,  which  means  that  cn  the 
original  scale  at  W  =  el  =  e7  **  =  1920  lb  the  standard  error  of  prediction  would  be  about 

( 1 1 297)  (0.263)/  >/T4  =  S809. 

Thus  at  x  =  7.56  or  If  =  1920  lb,  the  standard  error  of  residuals  or  prediction  from  the  fitted  curve 
would  be  at  the  minimum  value  of 

arw  =  $809. 

However,  the  standard  error  of  prediction  for  a  weight  of  cannon  equal  to  10,000  lb  substituted  into  the 
fitted  curve  (Eq.  35  ,4)  would  amount  to 

0?w  =  (Ave  T!)ibyx)->/{\/n)  +  n(7.56  -  In  1 bOOO)1/-4 „  .  (35-12) 

--(1,1297)(0.26»)>/(1/M)  +  14(7.56  -  ^10000)7377.42) 

-  $1257. 

(See  any  standard  statistical  textbook  on  regression,  or  see  Ref.  13,  for  example).  Thus  the  $1237  (and 
such  similarly  computed  values)  represent  a  rather  significant  increase  in  the  error  of  prediction  at 
cannon  weights  departing  from  the  mean  value  of  about  1920  lb. 

The  predicted  average  cost  for  1000  cannons  weighing  10,000  Ib  would  be  found  from  Eq.  35-1 1  and 
is 

F  =  $23,870 

so  that  95%  confidence  bounds  on  the  true  cost  at  this  weight  would  be  about 


DARCOM-P  /Q6-1Q2 _ _ _ _ _ 

£  ±  1.96(1257)  or 
521,406  to  $26,334 

or  a  spread  of  54928. 

We  note  from  Eq.  35-1  that  the  average  cost  of  the  first  n  items  produced  is  CV  divided  by  n  or 


CT/n  =  Fnb 


(35-13) 


where  as  before  F  is  the  cost  of  the  first  item  produced  and  b  the  logarithm  of  the  learning  curve  slope. 
Hence  from  the  data  just  calculated  we  may  estimate  Fand  then  determine  the  general  cost  equation 
for  any  number  of  cannons  produced.  In  fact,  by  definition,  the  exponent  b  is  known  to  be 


b  =  In0.95/ln2 


(35-14) 


=  -0.0740 


for  a  95%  learning, rate.  Therefore,  suppose  we  are  interested  in  a  cannon  weight  of,  say,  2495  lb.  Then 
the  average  cost  per  cannon  of  the  first  1000  cannons  from  Fq.  35-11  would  be 

£l000  =  AW*  «  55.7(2495)OM*  ■»  $9575 

so  that  from  Eq.  35-1  we  may  easily  find  the  cost  of  the  first  unit,  or 


(CT/n) 

n* 


(35-15) 


which  for  the  initial  1000  cannons  produced  of  weight  2495  lb  would  give 

F  -  CW(IOOO)*  =  59575/1000-0”*  =  $15,964. 

Finally  then,  the  total  cost  for  any  number  n  of  cannons  at  any  weight  W  is  given  by  the  equation 

Q.  =  ~  1 5,964  n0M*  (35-16) 

We  therefore  have  a  CER  also  for  calculating  the  total  cost  of  any  number  of  cannons  of  any  given 
weight  and  have  demonstrated  the  extreme  usefulness  of  tie  top-down  or  cost  estimating  selection  ap¬ 
proach. 

We  emphasize  that  so  far  in  this  series  of  computations  we  have  estimated  only  one  of  the:  investment 
phase  costs  and  that  all  of  the  other  costs  for  investment  or  production  on  Fig.  35-2  must  also  be  es¬ 
timated  and  added  together.  Nevertheless,  this  example  illustrates  the  value  of  regression  techniques  in 
cost  analysis  problems,  particularly  those  involving  the  top-down  approach. 

An  illustrative  example  for  the  bottoms-up  or  engineering  type  approach  to  cost  estimation  during 
the  investment  phase  is  given  with  all  the  necessary  detail  in  Appendix  C  of  Ref.  9.  In  this  example, 
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some  50  cost  dements  are  listed  for  which  costs  have  to  be  estimated  and  cost  data  sheets  may  have  to 
be  prepared.  ITns  should  give  some  idea  oi  the  necessary  detail  and  th'*  manv  mmu  nuts  calculation5 
which  have  to  be  carried  out  for  the  hottoms-up  approach. 

Chapter  6  of  Ru.  9  lists  manv  general  cost  estimating  equations  which  may  be  used  to  determine  in¬ 
vestment  costs  g<  nerally.  As  an  isolated  example,  the  cost  of  transportation  may  be  estimated  front  the 
relation 


Transportation 

2.10 


'1st  +  2nd  Des¬ 
tination  Trans¬ 
portation  Cost 
Per  Unit 


1  st  -f-  2nd  Des-\ 
tination  Trans-  \ 

+  portation  Cost  I X 
For  Spares  Per  / 
Unit  / 


Total 
Quantity 
To  Be 
Manufactured 
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35-3.3  OPERATING  AND  SUPPORT  COST  GUIDE 

The  guide  which  provides  a  framework  for  the  presentation,  documentation,  and  repotting  of  cost 
estimates  of  »ht  O&S  phase  of  a  materiel  system  life  cycle  is  Department  of  the  Army  Pamphlet  No. 
11-4  (Ref.  10).  The  major  objectives  of  this  particular  guide  are: 

“a.  To  achieve  consistent  preparation  and  documentation  of  Army  materiel  system  0|>erating  and 
Support  phase  cost  estimates.  This  objective  is  accomplished  through  establishing  and  maintaining 
uniform  cost  structures  and  formats  employing  standardized  cost  elements  and  definitions. 

“b.  To  improve  the  perception  of  Operating  and  Support  cost  estimating.  This  objective  is  accom¬ 
plished  by  illustrating,  in  a  highly  simplified  manner,  the  types  of  generic  expressions  employed  to  es¬ 
timate  Operating  and  Support  phase  costs.”. 

It  can  be  expected  that  the  operating  and  support  costs  incurred  during  the  useful  life  of  a  weapon 
system  may  exceed  the  production  cost  of  the  system.  Therefore,  the  high  O&S  costs  warrant  a  very 
comprehensive  review  during  the  acquisition  process  of  the  weapon  system.  Seme  specific  reasons  why 
O&S  cost  estimates  are  needed  „re  given  in  Ref.  10  and  are: 

“a.  Tb  permit  personnel  savings.  Personnel  costs,  not  only  of  the  crew,  but  also  of  the  maintenance 
and  the  indirect  personnel,  make  up  a  major  share  of  O&S  costs.  Only  if  these  costs  are  made  visible 
can  Army  planners  realize  the  opportunity  for  reducing  these  costs,  for  example,  by  considering  other 
ways  to  integute  the  hardware  into  the  force  units. 

“b.  U  tder  the  current  design-to-cost  concept,  potential  cost  performance  trade-offs  and  engineering 
changes  nust  be  evaluated  in  terms  of  their  impact  upon  the  overall  cost  of  ownership  of  the  system, 
and  appropriate  weight  should  be  given  to  this  factor  during  source  selection  evaluation.  High  acquisi¬ 
tion  cost!  are  acceptable  provided  that  the  additional  investment  will  be  amortized  in  a  reasonable 
period  of  time  through  lower  operating  costs.  By  preparing  full  O&S  cost  estimates  the  proper  trade¬ 
offs  can  ae  made. 

“c.  To  achieve  better  balance  between  equipment  purchase  and  repair.  Before  making  its  annual 
budget  request  the  Army  must  determine  the  best  balance  between  the  purchase  of  new  modern  equip¬ 
ment  and  the  repair  of  its  existing  equipment.  This  involves  a  trade-off  between  new  capability  and 
present  readiness.  Visibility  of  O&S  costs  is  required  in  such  determinations. 

“d.  To  perform  better  comparisons  between  materiel  systems.  Credible  estimates  of  the  Operating 
and  Support  cost  impacts  of  new  systems  will  permit  the  Army  to  discriminate  better  between  com¬ 
peting  svstems.  In  a  scenario  in  which  two  or  more  competing  systems  have  comparable  performance 
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and  production  costs,  it  is  conceivable  that  the  systems  could  have  significantly  differe;.'  operating  and 
support  costs. 

“e.  To  provide  management  visibility  of  critical  resource  requiiements. 

One  should  note  that  annual  operating  costs  are  the  recurring  outlays  that  are  required  to  maintain 
and  operate  a  system  after  it  becomes  a  part  of  the  military  force.  The  estimates  of  weapon  system 
operating  costs  are  sometimes  quite  accurately  predictable.  This  is. perhaps  especially  true  for  systems 
that  are  not  too  complex,  such  as  trucks  or  even  armored  personnel  carriers.  For  such  systems,  the 
operating  costs  will  likely  be  dominated  by  the  costs  of  the  operating  crews  and  the  cost  of  fuel  and 
maintenance.  Moreover,  maintenance  costs  usually  may  be  treated  on  a  cost  per  hour  basis  or  a  cost 
per  unit  basis  based  on  similar  predecessor  vehicles,  for  example. 

Returning  to  Fig.  35-1 ,  we  note  a  very  significant  omission  is  time  in  years  on  the  abscissa.  Thus  one 
needs  to  know  the  “useful  life"  of  a  Weapon  system  to  determine  O&S  costs,  and  hence  the  life  cycle 
cost.  In  fact,  perhaps  one  of  the  most  difficult  facets  of  estimating  the  life  cycle  cost  is  the  determination 
of  the  useful  life  of  a  weapon  system.  Indeed,  by  actual  observation,  the  useful  life  of  materiel  items  de¬ 
pends  on  type  of  weapon,  design,  usage,  environment,  etc.,  so  that  useful  life  itself  may  be  expected  to 
vary  randomly.  Some  attempts  are  usually  made  by  the  Army  to  specify  a  standard  useful  life  for  a  se¬ 
lected  class  of  equipment.  For  example,  in  1968,  the  accepted  life  of  US  Army  helicopters  was  9  yr, 
whereas  the  accepted  useful  life  is  now  some  15  yr.  Then  again,  a  recent  study  of  the  Utility  Tactical 
Transportation  System  (UTTAS)  indicates  that  a  value  of  20  yr  should  be  considered  acceptable. 
Useful  life  is  an  important  and  critical  factor  in  determining  O&S  costs,  of  even  in  planning  produc¬ 
tion. 

As  an  aid  to  the  cost  analyst,  the  general  cost  estimating  equations  for  the  operation  and  support 
phase  of  the  system  life  cycle  are  given  in  Chapter  6  of  Ref.  10.  In  fact,  there  is  a  cost  estimation  equa¬ 
tion  for  each  of  the  elements  listed  on  Fig.  35-2  for  the  operating  and  support  phase  cycle.  As  a  simple 
example,  the  cost  estimation  equation  for  petroleum,  oils,  and  lubricants  (POL)  is  listed  in  Fig.  6-6  of 
Ref.  10  as: 


(35-18) 


POL 

Cost 


/Total  QuantityV  /  Annual  Activity  \  /POLCostPerX  /Number  of\ 
=  I  Operational  j  X  I  Rate  Per  Equip-  j  X  I  Mile,  e.g.  J  X  I  Operating  J 


MUV/UUi  I  I  *  v.i  UljUip*  I  1 

Equipment  J  yment  (Miles, e.g.)/  '  y 


\  Years  7 


Appendix  B  of  Ref.  10  documents  an  example  of  an  O&S  cost  element.  It  js  for  the  crew  pay  and 
allowances.  The  cost  model  itself  is  very  simple,  and  a  cost  data  sheet  (CDS)  is  completed  for  this  ele¬ 
ment.  The  cost  model  simply  states  that  the  total  estimated  cost  for  crew  pay  and  allowances  may  be 
found  by  multiplying  together  the  total  quantity  of  operational  equipment,  the  number  of  crewmen  per 
item  of  equipment,  the  sum  of  average  annual  base  pay  and  theater  cost  and  flight  pay  per  crewman, 
the  number  of  operating  years,  and  the  constant  dollar  shift  factor  for  military  pay  and  allowances  (see 
Fig.  B-3  of  Ref.  10). 

Appendix  C  covers  a  very  good  illustrative  example  of  the  operating  and  support  costs  for  typical 
new  transport  helicopters  and  is  thoroughly  documented. 

Thus  as  with  the  general  problem  of  accurate  cost  estimation,  one  needs  to  identify  all  significant 
elements  throughout  the  life  cycle  of  a  military  system  and  properly  plan  for  all  of  the  detailed  costs, 
summing  them  up  to  the  total  for  a  given  organization,  etc. 
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There  may  be  quite  an  advantage  gained  by  trying  to  establish  some  genera!  top-down  cost  estima¬ 
tion  procedures  for  the  operating  and  support  phase  also.  For  example,  there  may  exist  a  useful  rela¬ 
tion  between  the  number  of  support  personnel  and  the  number  of  actual  operating  personnel  for  the 
equipment.  Therefore,  one  might  be  able  to  establish  a  regression  equation  of  the  kind: 


S  =  1500  +  0.32 (Op) 


(35-19) 


where 

5  -  number  of  support  personnel  in  thousands 
Op  =  number  of  actual  operating  personnel  in  thousands. 


Thus  it  is  easily  seen  that  with  such  relationships  cost  could  be  more  readily  estimated  with  sufficient 
accuracy 

35-3.4  STANDARDS  FOR  PRESENTATION  OF  LCCE 

Standards  for  the  presentation  and  documentation  of  Life  Cycle  Cost  Estimates  of  Army  materiel 
systems  are  given  in  Ref.  14.  This  guide  has  been  prepared  primarily  for  those  who  prepare  cost  es¬ 
timates  and  those  who  review  cost  estimates  prepared  by  others.  Ref.  14  has  been  prepared  primarily 
to  indicate  the  need  for  standardized  formats,  while  at  the  same  time  it  attempts  to  recognize  that  sub¬ 
stantial  reliance  must  be  placed  on  the  freedom  of  expression  inherent  in  the  professionalism  of  in¬ 
dividual  cost  analysts  throughout  the  Army  even  though  the  two  aims  may  appear  to  be  somewhat 
conflicting.  Therefore,  the  guide  really  aims  to  address  the  minimum  standards  that  are  required.  The 
guide  takes  into  cognizance  and  is,  in  fact,  based  on  the  wide-spread  use  of  Refs.  8,  9,  and  10. 

There  are  three  broad  classes  of  standard  life  cycle  presentations  that  are  needed,  namely:  (1 )  static 
cost  presentation  which  displays  cost  estimates  on  a  nontime-phased  basis  and  is  the  most  frequently 
encountered  in  cost  analyses,  (2)  time-phased  cost  presentation  which  reflects  static  costs  that  have 
been  displayed  over  time  usually  by  fiscal  year  in  relation  to  the  program  schedule,  and  (3)  cost  sen¬ 
sitivity  presentation  which  portrays  the  sensitivity  of  a  point  estimate  to  changes  in  the  cost  driving 
variables.  There  is  also  a  need  in  the  cost  analysis  community  for  standardization  of  the  required 
degree  of  cost  calculation  precision  and  accuracy;  accbrdingly  Ref.  14  covers  significant  figures  and  the 
rounding  of  numbers.  Appendix  B  of  Ref.  14  suggests  a  life  cycle  cost  structure  that  might  well  be  used, 
and  a  good  summary  of  the  needs  are  outlined  in  Fig.  35-5,  which  is  Fig.  B-2  of  Ref.  14. 

35-4  ADDITIONAL  FACTORS  FOR  LCCE  PROCEDURES 

So  far  in  this  chapter  we  have  indicated  some  of  the  more  ordinary  or  standard  procedures 
associated  with  the  problem  of  life  cycle  cost  estimation  for  weapon  or  materiel  systems.  However, 
there  are  some  rather  significant  additional  factors  that  must  be  taken  into  account  in  the  cost  analysis 
process.  The  general  aim  is  for  an  accurate  cost  estimation  procedure.  In  Chapter  34  we  discussed  the 
matter  of  sunk  costs  and  showed  that  they  may  not  apply  to  the  system  under  study,  especially  if  they 
have  already  been  expended  and  hence  are  not  proratablc  to  a  particular  weapon  or  system  of  current 
interest.  However,  such  detailed  considerations  may  become  of  considerable  importance  in  charging 
costs  to  any  current  system  undergoing  cost  analysis. 

There  are  three  additional  significant  factors  affecting  cost  analysis  Which  are  worthy  of  mention, 
namely:  (1)  the  matter  of  useful  life  versus  combat  life,  (2)  residual  or  scrap  value  of  a  materiel  item, 
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and  (3)  discounting  future  expected  costs.  YVe  now  consider  these  factors,  but  treat  (1)  and  (2) 
together. 

35-4.1  RESIDUAL  OR  SCRAP  VALUE,  USEFUL  LIFE,  AND  COMBAT  LIFE 

As  everyone  knows,  mos*  commercial  items  have  a  scrap  value  or  a  trade-in  value  toward  the 
purchase  of  a  new  item.  Moreover,  it  can  be  seen  that  when  one  considers  the  residual  or  scrap  value  of 
an  item,  that  particular  point  in  time  may  also  determine  the  useful  life.  Therefore,  it  can  be  expected 
that  the  concepts  of  residual  value  and  useful  life  are  closely  related.  Normally,  it  has  bedn  US  Army 
practice  to  make  product  improvements  on  weapons  or  materiel  systems  and  to  overhaul  ir  rebuild 
many  items  from  time  to  time  in  which  case  the  estimation  of  useful  life  after  modification  would 
become  of  importance.  On  the  other  hand,  at  least  for  some  Army  materiel,  it  has  been  customary  to 
consider  that  the  residual  value  of  an  item  is  zero,  or  in  other  words  simply  ignore  the  problem  of 
residual  value  of  a  materiel  system.  Nevertheless,  there  is  always  the  problem  of  timely  replacement  of 
items.  Also  a  factor  or  concept  not  previously  mentioned — and  one  which  would  affect  all  of  these 
considerations — is  that  of  the  ex peeled  combat  life.  Clearly,  the  determination  or  estimation  of  combat  life 
is  a  much  more  difficult  problem  than  estimation  of  noncombat  useful  life  since  combat  life  depends  on 
the  number,  types,  and  intensity  of  combat  engagements  over  time.  The  reader  may  easily  see  that  the 
expected  combat  life  of  materiel  items  or  weapons  may  have  a  most  dominant  effect  on  system  “useful” 
life.  YVe  cannot  treat  this  difficult  problem  of  estimation  in  any  detail  here  even  though  it  will  have  a 
very  marked  effect  on  cost  determination.  Nevertheless,  we  can  point  out  that  the  various  methods  of 
analysis  presented  in  this  handbook  might  well  be  applied  to  the  estimation  of  combat  life  for  many 
military  items,  and  hence  this  might  give  a  useful  approach  toward  estimation  of  the  combat  lives  of 
some  military  systems. 

35-42?  DISCOUNTING  OF  COSTS 

The  amount  of  funds  appropriated  for  weapon  systems  are  not  allocated  all  at  one  time,  but  rather 
the  custom  has  been  that  of  appropriating  a  fraction  each  year.  This  is  tru  for  R&D,  investment  or 
procurement,  and  for  O&S  costs  as  well — all  phased  in  over  time.  Corner  tently,  the  matter  of  dis¬ 
counting  to  determine  costs,  which  are  comparable  for  alternative  weapon  system  buys,  has  to  be  con¬ 
sidered  and  should  be  developed  aside  from  the  concept  of  useful  life,  although  useful  life  will  deter¬ 
mine  the  total  discounted  cost  of  any  system.  Some  new  weapon  development  may  have  a  higher  in¬ 
vestment  cost,  and  this  may  lead  to  expected  lower  operating  costs  for  the  same  overall  effectiveness  as 
a  predecessor  military  system  which  is  replaced.  Inherent  in  the  estimation  of  discount  values  is  the 
discount  rate  and  the  time  period  over  the  life  cycle  of  a  weapon  system  considered  to  be  of  importance. 
For  example,  as  many  as  25  or  30  yr  may  be  required  from  the  time  of  initial  development  of  a  weapon 
system  to  final  phaseout  of  it.  discount  rates  themselves  vary  overtime  although  it  is  also  desirable  for 
the  Army  to  specify  or  set  standard  rates  in  many  cases.  It  is  understood  that  for  the  present  a  discount 
rate  of  10%  has  been  specified;  however,  discounting  in  general  is  not  always  put  into  practice  in  the 
Department  of  Defense  (Ref.  1 1 )  for  life  cycle  cost  estimation  problems.  Nevertheless,  the  appropriate 
equation  for  discounting  future  costs  to  the  present  value  is 

P  =  ,?,(!  +  r,Y  (35'20) 
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where 

P  =  present  value,  dollars 
n  =  period  ot  the  life  cycle,  yr 
A,  =  amount  of  expected  cost  in  the  ith  year,  dollars 

r,  =  (variable,  if  applicable)  discount  rate  used  for  the  hh  year,  expressed  as  a  decimal. 


Should  a  constant  discount  rate  r,  =  r  be  considered  valid  over  the  period,  Eq.  35-20  then  becomes 


p  =  y - - - 

/r,  0  +  r)‘ 


(35-21) 


We  emphasize  that  Eqs.  35-20  and  35-21  are  for  constant  dollars.  Since  inflation  rates  may  be  quite 
pertinent  for  any  discounting  analysis,  discounted  costs  have  to  be  accordingly  adjusted.  An  excellent 
treatment  of  discounting,  and  as  a  matter  of  fact  all  of  the  subjects  related  to  life  cycle  cost  estimation, 
is  that  of  Fisher  (Ref.  15). 

,  To  illustrate  the  importance  of  discounting  in  cost  analyses,  Trainor  (Ref.  16)  has  prepared  a  con¬ 
vincing  example  which  we  include  in  Table  35-3.  Trainor  (Ref.  16)  develops  a  comparison  of  the 
military  adaptation  of  a  commercial  helicopter  with  a  helicopter  specifically  designed  for  military  mis¬ 
sions  to  illustrate  the  use  and  importance  of  discounting. 

In  his  example  Trainor  uses  the  undiscounted  cumulative  costs  (columns  3  and  7)  for  which  it  can 
be  seen  that  after  25  yr  (5  yr  development,  5  yr  production,  and  15  yr  of  operation)  the  new  design  has 
cost  S3. 55 1.000,  and  the  military  adaptation  has  cost  $3,802,000.  The  lower  operating  cost  of  the  new 
design  (S16U,000/yr  vs  S190,0G0/yr  for  the  military  adaptation)  has  caused  this  design  to  break  even  in 
the  17th  year,  i.e.,  after  7  yr  in  operation.  By  the  end  of  the  25th  year,  however,  the  new  design  is  7% 
less  expensive  and,  assuming  equal  effectiveness,  would  be  a  clear  winner.  However,  using  discounting 
costs,  a  totally  different  picture  emerges.  The  military  adaptation  is  less  expensive  beginning  in  the 
third  year  (567,200  vs  $74,800)  and  never  relinquishes  its  lead.  By  17th  year  (the  break-even  year  in 
undiscounted  costs)  the  military  adaptation  is  still  6%  less  expensive.  By  the  25th  year,  the  gap  is 
nearly  closed.  Hence,  Trainor  points  put  that  the  “prudent”  manager  might  tend  to  choose  the 
military  adaptation  in  preference  to  the  new  design.  Certainly  he  would  be  tempted  if  he  is  concerned 
that  both  designs  might  become  obsolete  in  less  than  15  yr  of  operation.  He  then  indicates 

“The  illustration  shows  the  power  of  discounting.  Yet  discounting  is  seldom  practiced  in  life  cycle 
costing.  Two  possible  reasons  are  offered.  First,  many  analysts  and  managers  simply  do  not  under¬ 
stand  the  concept  of  discounting,  its  importance  in  the  selection  of  alternatives  and  the  ease  with  which 
it  can  be  applied.  The  second  reason  for  the  lack  of  use  of  discounting,  especially  in  the  past  three-four 
years  is  the  confusion  between  the  use  of  inflation  factors  and  discounting.  The  casual  observer  may 
question  why  cne  should  inflate  costs  at  the  rate  of  10  percent  per  annum  only  to  turn  around  and  dis¬ 
count  these  same  costs  by  10  percent.  Actually,  discounting  and  inflation  are  different  concepts  for  dif¬ 
ferent  purposes.  Discounting  is  appropriately  used  to  distinguish  between  alternate  investment  oppor¬ 
tunities  while  inflation  factors  are  used  to  assure  that  programmed  funds  are  adequate  during  periods 
of  rising  prices.  In  other  words,  discounting  is  used  to  select  an  alternative  and  inflation  factors  are 
used  t<  be  sure  the  selected  alternative  can  be  purchased.  These  two  reasons  may  offer  some  rationale 
for  the  lack  of  acceptance  of  discounting.  Whatever  the  reasons,  the  failure  to  discount  seriously 
weakens  the  credibility  of  much  of  today’s  life  cycle  costing.”. 
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TABLE  35-5 

THE  USE  OF  DISCOUNTING  TO  COMPARE  ALTERNATIVES 
(DISCOUNTING  AT  10%) 


NEW  DESIGN.  SIOOO’j 

MILITARY  ADAPTATION,  $1000’t 

UNDISCOUNTID 

DISCOUNTED 

UNDISCOUNTED 

DISCOUNTED 

COST/ 

CUM. 

COST/ 

CUM. 

COST/ 

CUM. 

COST/ 

CUM. 

YR 

YEAR 

COST 

YEAR 

COST 

YEAR 

COST 

YEAR 

COST 

DEVELOPMENT 

1 

10 

10 

9.1 

9  1 

10 

10 

9.1 

9.1 

2 

25 

35 

20.6 

29.7 

25 

»  35 

206 

29.7 

3 

60 

95 

45.1 

50 

85 

37.3 

(6?1) 

4 

75 

170 

51.2 

uto 

40 

125 

27.3 

9T; 

5 

26 

195 

16.  i 

142.1 

15 

140 

9.3 

103.8 

PRODUCTION, 

6 

62 

258 

35.0 

177.1 

50 

190 

28.2 

132.0 

7 

220 

478 

112.9 

290.0 

200 

390 

102.6 

234  6 

8 

300 

778 

139  8 

429.8 

220 

610 

102.5 

337.1 

9 

250 

1028 

106.0 

535  8 

220 

830 

93.3 

4304 

1° 

123 

1151 

47.4 

583.2 

122 

952 

47.0 

477.0 

OPERATION 

11 

160 

1311 

56.0 

639.2 

190 

1142 

66.7 

544.1 

12 

160 

1471 

50  9 

690  1 

190 

1332 

60.4 

604.5 

13 

160 

1631 

46.2 

736.3 

190 

1522 

55.0 

650.5 

14 

160 

1791 

42.1 

778.4 

190 

1712 

50.0 

709.5 

15 

160 

1951 

38.2 

816.6 

190 

1902 

45.4 

754.9 

16 

160 

2111 

34.7 

851.3 

190 

?092 

41  2 

796  1 

17 

160 

(227 l) 

31.7 

883.0 

190 

(2282) 

37.6 

833.7 

'8 

160 

253 1 

28.8 

911.8 

190 

'2472 

34  2 

867.9 

19 

160 

2591 

26.1 

937.9 

190 

2662 

31  1 

899  0 

20 

160 

2751 

23.7 

961.6 

190 

2852 

28.3 

927.3 

21 

160 

2911 

21.6 

983  2 

190 

3042 

25.6 

952.9 

22 

160 

3071 

19.7 

1002.9 

190 

3232 

23.3 

976.2 

23 

160 

3231 

17.9 

1020.8 

190 

3422 

21.2 

997.4 

24 

160 

3391 

16.2 

1037.0 

190 

192 

1016.6 

25 

160 

qU) 

14.7 

1051.7 

190 

(3802) 

17.5 

1034.1 

35-5  SOME  CONSIDERATIONS  IN  DEVELOPING  COST  RELATIONSHIPS 

Some  further  points  in  cost  analyses  of  which  the  weapon  systems  analyst  should  be  aware  are  dis¬ 
cussed  now.  Once  the  data  have  been  collected,  normalized,  and  evaluated,  the  next  task  is  to  develop 
an  estimate  for  each  category  of  cost.  The  estimating  method  best  suited  to  a  particular  application 
may  depend  upon  many  factors,  including,  for  example: 

1.  Position  of  the  weapon  system  in  the  life  cycle  at  the  time  the  estimate  is  required 

2.  The  availability  of  historical  cost  information 

3.  The  level  of  detail  of  the  cost  information  available 

4.  The  level  of  detail  available  on  system  specifications  (design,  performance,  and  operational 
characteristics) 

5.  The  time  available  to  prepare  the  cost  estimate. 

'  Early  in  the  concept  formulation  phase — when  limited  design  information  is  available  and  con¬ 
siderable  uncertainty  exists  regarding  system  specifications,’  development,  and  production 
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requirements — only  order  of  magnitude  cost  estimates  may  be  possible.  Parametric  cost  estimating 
and  estimating  by  analogy  are  particularly  applicable  during  this  phase.  While  DOD  guidelines  may 
suggest  that  the  use  of  statistical  parametric  methods  is  the  preferred  approach,  to  the  development  of 
early  cost  estimates,  their  use  may  often  be  invalidated  by  an  inadequate  sample  of  historical  cost  data. 
If  only  one  or  two  predecessor  systems  or  items  have  been  developed,  estimating  by  analogy  with  the 
most  comparable  system  may  have  to  be  used. 

The  parametric  method  involves  the  development  of  CER's  between  cost  and  one  or  more  cost 
generating  variables.  This  method  has  the  advantage  of  objectivity  and  flexibility  in  that  the  general 
form  of  the  influence  on  cost  of  the  explanatory  variables  is  determined;  however  some  "‘correlations” 
may  be  “spurious”  and  should  be  guarded  against.  Specific  numerical  values  can  be  derived  through 
standard  statistical  regression  techniques.  Another  advantage  of  CER's  is  that  they  provide  some  in¬ 
dication  of  the  qualify  of  the  cost  relationships — whether  by  coefficient  of  “determination",  standard 
error  of  estimate,  confidence,  or  prediction  intervals — as  valid  predictors  of  cost.  We  have  covered  one 
such  example  in  Table  35-2.  Again,  the  primary  limitations  to  the  successful  use  of  parametric 
methods  are  the  quality  and  quantity  of  historical  data  reflecting  the  essential  characteristics  of  the 
item  or  system  to  be  costed,  and  the  fitted  “law". 

The  analogy  estimating  approach  may  involve  the  identification  of  a  single  predecessor  item  or 
system  and  adjusting  the  cost  of  that  system  for  changes  in  price  levels,  production  quantity  and 
schedules,  etc.,  to  develop  a  baseline  cost,  litis  baseline  cost  is  then  adjusted  to  account  for  differences 
in  physical,  operational,  and  performance  characteristics  between  the  predecessor  system  and  the 
system  to  be  costed.  Obviously,  the  validity  of  the  cost  prediction  is  a  function  of: 

1.  The  ability  to  make  a  good  analogy 

2.  The  accuracy  with  which  the  es#ntial  differences  between  a  predecessor  system  and  a  new  sys¬ 
tem  have  been  determined,  both  of  which  may  involve  considerable  expertise  and  good  judgment. 

If  a  good  analogy  is  available,  the  advantage  of  this  over  the  parametric  approach  is  the  time  saved  in 
data  search,  adjustment,  evaluation,  and  curve  fitting.  The  disadvantages  of  estimating  by  analogy  are 
that  costs  are  related  to  a  single  explanatory  variable  and  costs  are  assumed  to  be  proportional  to  the 
magnitude  of  the  explanatory  variable,  e.g.,  “a  25%  increase  in  weight  will  result  in  a  25%  increase  in 
cost”. 

Both  the  analogy  and  parametric  approaches  can  be  used  to  estimate  costs  in  all  of  the  cost 
categories  of  Refs.  8,  9,  and  10.  Historically,  estimating  by  analogy  has  perhaps  predominated  (until 
recently)  due  to  the  data  availability  problem.  However,  with  the  current  emphasis  on  parametric  es¬ 
timation,  the  DOD  and  the  Army  are  currently  engaged  in  measures  to  correct  these  deficiencies  by: 

1.  Development  of  uniform  costing  procedures  both  from  within  the  DOD  and  from  contractors 
engaged  by  the  DOD 

2.  Development  of  CER  libraries,  the  cost  estimate  control  data  centers  within  the  DARCOM 
commodity  commands  and  automated  cost  information  systems  where  feasible. 

When  technical  data  packages  and  engineering  drawings  become  available  during  the  later  stages  of 
the  development  phase  of  the  life  cycle,  the  engineering  estimate  is  often  used  to  determine  investment 
and  recurring  production  cost.  This  is  a  time-consuming  and  expensive  approach  to  cost  estimating 
because  numerous  calculations  are  required  in  the  buildup  of  costs  from  basic  work  tasks,  materiel 
fabrication  and  assembly  processes,  item  physical  dimensions,  etc.  While  this  method  has  the  potential 
for  greater  accuracy  in  cost  estimates,  the  time  consuming  aspect  suggests  that  this  method  be  used 
primarily  in  those  circumstances  in  which: 

1 .  There  is  considerable  uncertainty  regarding  estimates  developed  parametrically  or  by  analogy 
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2.  There  is  no  useful  historical  counterpart  for  the  item  or  system  being  costed. 

Many  of  the  cost  relationships  developed  in  the  early  stages  of  the  weapon  system  life  cycle,  however, 
may  be  made  by  using  cost  ratios  and  standard  cost  factors.  Examples  are  construction  cost  factors 
(cost/square  foot  ),  facilities  maintenance  cost  as  a  percent  of  facilities  investment  costs,  and  standard 
labor  rates  for  specific  work  processes.  These  may  be  available  from  current  indexes  and  tables 
develo[)ed  through  historical  observations  of  similar  cost  elements. 

In  the  conceptual  stage.  Research,  Development.  Test,  and  Evaluation  (RDTE)  costs  are  of  primary 
importance.  Accurate  estimates  of  investment  3nd  operating  costs  cannot,  at  that  time,  be  developed 
because  some  of  the  basic  cost  parameters  are  not  yet  established.  The  total  requirement  or  the  initial 
tables  of  organization  and  equipment  (TOE)  allowances,  plus  additional  allowances  such  as  main¬ 
tenance  float  and  combat  consumption,  will  vary  as  decisions  are  made  on  how  many  and  which 
organizations  are  to  be  equipped  with  the  materiel  items.  Operating  costs  will  be  ...  factor  of  total 
authorizations,  and  operational  system  maintenance  and  consumable  demands.  In  this  early  phase, 
much  of  the  R&D  cost  may  be  based  on  comparable  research  efforts  for  similar  items  of  equipment 
and  related  components.  As  the  detailed  design  specifications  emerge  in  the  development  phase  and 
prototype  hardware  is  produced  and  tested,  parametric  or  analogy  estimates  cf  costs  are  gradually 
replaced  by  actual  costs— r<5  g  ,  R&  D  costs  will  have  been  expended,  and  more  accurate  projections  for 
production  costs  based  on  updated  CER’s  and  engineering  estimates  will  be  available.  Operating  costs 
may  still  be  developed  using  cost  factors,  but  these  can  be  updated  through  experience  with  prototype 
testing. 

Since  cost  relationships  are  based  on  experience  with  “similar”  systems,  there  is  always  the  element 
of  uncertainty  concerning  whether  past  tost  experience  will  hold  in  predictions  about  future  costs.  This 
is  particularly  applicable  to  advanced  weapon  systems  which  are  normally  characterized  by 
predecessors  of  lesser  technological  sophistication.  Therefore,  each  cost  estimate  should  also  reflect  a 
judgment  regarding  the  possible  variability  about  the  most  likely  costs  based  on  the  quantity  or 
quality  of  information  used  to  derive  cost  relationships.  An  assessment  of  uncertainty  is  essential  to 
both  a  realistic  prediction  of  component  costs  and  an  indication  of  potential  areas  for  system  cost 
growth.  «' 

The  results  of  the  uncertainty  analysis  also  support  trade-off  analyses  among  weapon  system  alter¬ 
natives  during  the  concept  formulation  phase. 


35-6  CONSTRUCTION  OF  TABULAR  COST  MODELS 

Cost  estimating  relationships,  cost  factors,  etc.,  may  be  considered  to  be  the  transformation  devices 
for  relating  the  cost  of  functional,  resource,  and  program  elements  of  the  system  to  cost  generating  or 
explanatory  variables.  These  parameters  must  be  combined  in  a  systematic,  logical,  and  valid  manner 
to  provide  some  insight  into  the  total  resource  impact  of  the  weapon  system  decision  to  be  made.  The 
cost  model  serves  the  role  of  an  “integrating”  device  which  relates  the  cost  categories,  cost  estimating 
relationships,  cosi  factors,  etc.,  to  the  cost  summaries  required  for  a  particular  study.  The  cost  model  is 
an  analytical  tool  for  examining  the  behavior  of  system  costs  relative  to  assumptions  about  the  weapon 
system,  e  g.,  number  of  items  to  be  procured,  number  of  years  of  operation,  and  utilization  rates.  In 
this  context,  therefore,  the  cost  model  represents  an  efficient  summary  of  the  essential  system  cost  ele¬ 
ments  in  a  format  which  lends  itself  readily  to  manipulation  and  prediction. 

An  example  of  the  cost  elements  and  factors  constituting  a  cost  model  for  a  surveillance  aircraft 
system  is  shown  in  tabular  form  in  Table  35-4  with  the  identification  of  the  variables  or  symbols  given 
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TABLE  35-4.  MATHEMATICAL  STATEMENTS  FOR  THE  SURVEILLANCE 
AIRCRAFT  SYSTEM  COST  MODEL 


Cost  Category  and  Element 

Research  and  development 

1.1  Aircraft 

1 .2  Surveillance 
Initial  investment 

2.1  Perkrftnel 

2.1.1  Training 

2.1.1. 1  New  pilots 

2. 1.1.2  Transitional  pilots 

2. 1.1.3  Officer,  other 

2. 1.1.4  Enlisted 

2.1.2  Travel 

2.2  Installations 

2.3  Equipment 

2.3.1  Aircraft 

2.3.2  Ground  support ) 

2.3.3  Other  specified 


2.3.4  Organizational 
Initial  stocks 

2.4.1  Aircraft  spares 

2.4.2  Aircraft  POL 

2.4.3  O.her  specified 


Symbol 

(in  +  (i.2) 

RDAC 

RDS 

(2.1)  +  (2.2) +  (2  3) +  (2.4) 

(2.1.1)  ♦  (2.1.2) 

(2.1. 1. 1)  +  (2.1. 1.2)  +  (2.1.1. 3)  +  (2.1.1  4) 
PPN  X  TPN 

PPT  X  TPT 
POO  X  TOO 
PE  X  TE 

(TVO  X  PO)  +  (TVE  X  PE) 

FACI 

(2.3.1)  +  (2.3.2)  +  (2.3.3)  +  (2.3.4) 

ACT  X  CAC 

SG  X  CSC 

£  lA/d  +  MF^C 

i*l 

PM  X  COE 

(2.4.1)  +  (2.4.2) +  (2.4.3) 

SP  X  ACT  X  CAC 

SM/12.0  X  POL  X  FH  X  ACI 

N 

LIA.  X  CCj  X  LOG  X  C. 

■  i  l 


3.0  Annual  operating 


3.1  Personnel 

3.1.1  Training 

3.1. 1.1  Pilots 

3.1. 1.2  Officer,  ori<er 

3. 1.1.3  Enlisted 

3.1.2  Pay  and  allowance* 

3. 1.2. 1  Officer,  raied 

3. 1.2.2  Officer,  non  rated 

3. 1.2.3  Enlisted 

3. 1.2.4  Civilian 

3.1.3  Travel 

3.2  Equipment 

3.2.1  Aircraft  attrition 

3.2.2  Other  replace ment/con sumption 

3J  Maintenance 

3.3.1  Faculties 

3.3.2  Airaaft 

3.3.3  Other  equipment 
3A  POL 

3.5  Servicet  and  other 


(3.1)  +  (3.2)  ♦  (3J)  +  (3.4)  ♦  (3.5) 

(3.1.1)  +  (3.1.2) +(3.1.3) 

(3.1. 1.1)  ♦  (3.1. 1.2)  ♦  (3. 1.1.3)  ♦  (3.1 .1 .4) 
YRS  X  TPN  X  PP  X  TORP 

YRS  X  TOO  X  POO  X  TORO 
YRS  X  TE  X  PE  X  TORE 

(3.1.2. 1)  ♦  (3.1. 2.2)  +  (3.L2.3)  ♦  (3.I.2.4) 
YRS  X  PR  X  PAR 

YRS  X  PNR  X  PANR 
YRS  X  PE  X  PAE 
YRS  X  PC  X  PAC 

YRS  ITVO  X  (PP  X  TORP  ♦  POO  X  TORO) 
♦  TVE  X  PE  X  TORE) 

(3.2.1)  +  (3.2.2) 

(RCAC  round  V 

ACI  X  FH  X - lCAC 

100,000  integer/ 

£  YRS  |(IAjX  RCpCj) 

l-l 

(3.3.1)  ♦  (3  J.2)  ♦  (3  J.3) 

YRS  X  FACM 
YRS  X  ACI  X  FH  X  CMFH 
YRS  X  PM  X  CMU 
YRS  X  ACI  X  FH  X  POL 
YRS  X  PM  X  CO 
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in  Table  35-5.  The  total  system  model  is  developed  from  subsystem  models  which  in  turn  arc  com¬ 
posed  of  CER's.  cost  factors,  and  engineering  estimates.  The  layers  of  submodels  will  depend  upon  the 
level  of  \\  BS  detail  and  cost  estimation  relationships  which  can  be  developed  from  historical  cost  data. 
The  total  system  cost  model  should  identify  costs  by  major  cost  categories  and  elements,  as  shown. 
Within  each  cost  category,  submodels  and  estimating  relationships  should  include  only  those  mathe¬ 
matical  statements  necessary  to  determine  uniquely  the  link  between  cost  and  cost  genera  ting 
variables.  A  simplified  example  of  mathematical  expressions  within  a  nonrecurring  investment  sub¬ 
model  is  shown  in  Fig.  35-6. 

Tables  35-4  and  35-5,  and  Fig.  35-6,  illustrating  submodels,  should  give  the  weapon  systems  analyst 
a  good  idea  and  some  appreciation  of  the  overall  approach  for  life  cycle  cost  estimation  of  a  system. 

35-7  DEVELOPING  A  BASELINE  COST  ESTIMATE 

To  provide  a  point  of  departure  in  estimating  system  costs,  an  initial  "baseline"  estimate  should  be 
developed  early  in  the  life  cycle  under  a  set  of  logical  assumptions  regarding  the  number  of  items  to  be 
procured,  base  case  production  schedules,  utilization  rates,  and  other  pertinent  factors  Since  limited 
information  is  available  to  project  accurately  the  ultimate  system  configuration  at  this  point,  variations 
in  the  values  of  these  key  variables  can  be  explored  in  the  cost  model  through  sensitivity  analyses.  For 
example,  the  base  case  may  be  costed  for  .V  configuration  end-items  and  the  sensitivity  of  total  system 
costs  determined  foe  variations  in  production  schedules  ar.d  rates  (experience  curves/.  Similarly,  the 
number  of  years  of  operation  of  the  system  can  be  varied  over  5  to  20  yr,  for  example,  to  determine  the 
sensitivity  of  system  costs  to  utilization  rates  and  operating  assumptions.  Other  critical  assumptions 
about  key  variables  can  be  tested  in  the  cost  model,  using  the  base  case  as  a  point  of  departure.  The 
purpose  of  such  an  exercise  is  to  determine  those  key  variables  for  which  total  system  cost  is  most  sen¬ 
sitive  in  the  relative  comparison  among  weapon  system  design  alternatives.  The  ultimate  objective  is  to 
attain  the  best  overall  balance  between  system  design,  operational  effectiveness,  and  cost  over  the 
lifetime  of  the  system. 

As  the  system  progresses  through  successive  life  cycle  stages,  the  baseline  model  is  retained  a..d  up¬ 
dated  to  reflect  more  definitive  information  available  from  development,  design,  and  testing  efforts, 
and,  ultimately,  actual  production  schedules  developed  during  the  initial. production  stage. 

The  importance  of  the  baseline  estimate  cannot  be  overemphasized  because  all  subsequent  cost 
analysis  effort  should  perhaps  be  an  extension 'of  it;  i.e.,  as  more  definitive  system  design  information 
becomes  available  to  improve  the  life  cycle  cost  estimate,  any  updates  or  revisions  in  costs  should  be 
made  relative  to  the  baseline  estimate.  This  procedure  ts  essential  to  the  systematic  recording  of  a  cost 
trail  which; 

1 .  Facilitates  development  of  consistent  data  bases  for  subsequent  cost  analysis  studies  and,  more 
importantly, 

2.  Provides  the  framework  for  tracing  system  cost  growth  in  support  of  a  "variance  analysis” 
which  indicates  the  reasons  for  cost  differences  between  current  and  previous  life  cycle  cost  estimates. 

Life  cycle  costs  must  also  be  time-phased  to  provide  an  indication  of  comparative  year-to-year  ex¬ 
penditure  patterns  (total  obligational  authority)  for  system  configuration  alternatives.  Funding  im¬ 
plications  on  fiscal  year  budget  levels  in  major  Army  appropriation  accounts  are  important  input  to 
the  weapon  system  decision.  Time  phasing  should  further  require  that  future  cost  streams  be  dis¬ 
counted  to  determine  the  financial  value  (time/money  preference)  of  various  investment  options.  Year- 
to-year  cost  information  is  also  an  important  input  to  formal  budget  requests,  e.g.,  program  change  re¬ 
quests  (PCR’s),  to  provide  funds  to  proceed  into  the  next  phase  of  the  weapon  system  life  cycle. 


TABLE  35-5.  VARIABLE  DATA  NAMES  FOR  THE  SURVEILLANCE  AIRCRAFT  SYSTEM  COST  MODEL 
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Figure  35*6.  Example  of  Nonrecurring  Investment  Ost  Submodels 


DARCOM-P  706-102 


In  the  initial  system  proposal,  time-phasing  considerations  will  be  a  planning  estimate  only  based  on 
specified  target  dates  with  appropriate  lead  and  lag  factors  derived  from  experience.  As  the  system 
proceeds  through  the  development  phase  and  more  definitive  information  on  a  system  specification 
becomes  available — e.g.,  number  and  types  of  organizations  to  be  equipped  with  the  major  end-item 
(basis  of  issue  phases),  and  tentative  production  and  delivery  schedules  established — then  year-to-year 
estimates  of  funding  requirements  can  be  improved. 

With  such  background  details,  we  are  now  in  a  position  to  present  an  excellent  example  of  the  prob¬ 
lem  of  LCCE;  namely,  that  for  the  Utility  Tactical  Transport  Aircraft  System  (LITAS). 

35-8  A  LCCE  EXAMPLE  FOR  UTTAS 

A  current  and  highly  illustrative  example  of  the  LCCE  process  is  that  related  to  the  L  ITAS.  This 
particular  cost  analysis  study  is  covered  and  fully  documented  in  Army  Cost  Analysis  Paper,  ACAP-8, 
of  the  Directorate  of  Cost  Analysis,  Office  of  the  Comptroller  of  the  Army — Refs.  17,  18,  19,  2D,  21, 
and  22 — October  1976.  As  would  be  expected,  the  study  is  quite  voluminous  and  contains  the  six 
stated  references  and  some  385  pages  of  detail  and  justification.  Ref.  17  is  the  Executive  Summary  and 
Comparative  Analysis;  this  broad  description  should  give  the  weapon  systems  analyst  a  good  apprecia¬ 
tion  of  the  probable  extent  and  expected  scope,  size,  and  required  detail  of  a  suitable  life  cycle  cost 
analysis.* 

“  The  LITAS  is  a  new  twin  engine  helicopter  to  replace  the  UH-1  in  the  air  assault,  air  cavalry  and 
medical  evacuation  missions.  This  aircraft  has  been  designed  as  the  Army’s  first  true  squad  assault 
helicopter,  since  the  UH-1  was  originally  designed  to  perform  the  medical  evacuation  mission,  which 
only  later  was  expanded  to  include  the  air  assault  role  also.  The  result  was  an  increase  in  mission  gross 
weight  with  related  performance  reductions.  The  UTTAS  will  perform  the  missions  of  transporting 
troops  and  equipment  into  combat,  resupplying  the  troops  while  in  combat  and  performing  associated 
functions  of  aeromedical  evacuation,  repositioning  of  reserves,  and  command  control.  UTTAS 
development  program  considers  overall  cost-effectiveness  with  particular  emphasis  on  reliability, 
maintainability,  and  survivability  in  combat/field  operations. 

“The  UTTAS  was  approved  (DCP  signed)  for  full  scale  development  on  22  June  1971 .  The  General 
Electric  Company  was  selected  (from  three  responding  offerors)  to  develop  engines  for  UTTAS  and  a 
contract  to  that  effect  awarded  on  6  March  1972.  On  5  January  1972,  a  Request  for  Proposal  (RFP) 
was  issued  to  the  aircraft  industry  for  proposals  to  develop  the  UTTAS  airframe.  Two  contractors 
(Boeing  Vertol  and  Sikorsky  Aircraft  Division)  were  selected  from  three  responding  manufacturers  to 
proceed  into  full  scale  engineering  development.  Airframe  development  contracts  were  awarded  on  30 
August  1972.  The  initial  Army  plans  called  for  six  flying  prototypes,  one  ground  test  vehicle  (GTV) 
and  one  static  test  article  (STA)  from  each  contractor.,  The  House  Appropriations  Committee  in  the 
FY-73  Research  and  Development  budget  request  indicated  that  the  number  of  UTTAS  prototypes 
from  each  contractor  should  be  reduced  to  three  flying  prototypes,  one  ground  test  vehicle,  and  one 
static  test  article.  The  Army  has  therefore  proceeded  with  a  three  flying  prototype  UTTAS  develop¬ 
ment  program.  Following  a  competitive  prototype  fly-off  program,  a  single  contractor  will  be  selected 
to  enter  into  lew  rate  initial  production  program. 

“The  October  1976  BCE  is  an  update  to  a  previous  (15  May  72)  study  and  has  been  prepared  by  the 
Office  of  the  Project  Manager,  UTTAS,  US  Army  Materiel  Development  and  Readiness  Command 


*  We  are  indebted  to  Col  William  Clough,  formerly  assigned  to  tb*  Office  ol  the  Comptroller  of  the  Army,  for  the  material  of 
this  example  and  other  suggestions  on  this  chapter. 
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(I  SA  DARCOM).  While  partial  updates  have  been  prepared  to  the  May  72  BCE  iR&D  phase  es¬ 
timates  were  updated  in  July  1973  and  May  1974  and  Investment  nha'se  was  updated  in  December 
1974),  the  present  BCE  is  the  first  comprehensive  update  of  the  entire  ETTAS  life  cycle  cost  estimate. 
The  principal  difference  between  the  current  estimate  and  previous  PMO  estimates  lies  in  the  areas  of 
methodology.  The  present  estimate  places  greater  emphasis  on  contractor  cost  data  and  engineering 
buildup  appro  ich  than  did  the  previous  studies. 

“On  the  1PCE  side,  the  current  study  is  the  second  estimate  of  the  UTTAS  program.  The  initial 
IPCE,  prepared  by  a  Joint  DA/L’SA  DARCOM  cost  team,  is  dated  16  December  1974."  (Ref.  17) 

The  system  addressed  is  a  generic  L’TTAS  of  8500  lb  aircraft  manutacturer's  production  report 
(AM PR)  weight  and  10,500  lb  empty  weight,  powered  by  two  GE-T-700  engines.  Both  the  Baseline 
Cost  Estimate  and  the  Independent  Parametric  Cost  Estimate  follow  identical  program  scenarios  in 
which  the  competitive  R&D  phase  produced  three  flying  prototypes,  with  a  single  contractor  starting 
with  either  an  85  aircraft  low  rate  initial  production  (LRIP)  option  ora  200  aircraft  LR1P  option.  Sub¬ 
sequent  full-scale  production  plans  call  for  buying  out  the  remainder  of  the  1107  aircraft  of  the  Army’s 
L’TTAS  program.  For  the  O&S  phase,  estimates  are  based  on  a  fleet  of  914  deployed  aircr;  ft,  with  the 
remainder  going  to  training,  and  as  float  and  attrition.  Each  aircraft  is  to  be  operated  324  flying  h/yr 
for  a  20-yr  life  span.  Costing,  was  performed  in  accordance  with  AR  11-18  and  DA  Pamphlets  11-2 
through  11-5,  i.e.,  Refs.  8,  9,  10,  and  14. 

For  our  purposes  here,  we  will  give  illustrative  examples  for  isolated,  but  perhaps  typical,  costing  of 
elements  for  each  of  the  R&D,  Investment,  and  O&S  phases — the  complete  study  is  covered  by  Refs. 
17,  18,  19,  20,  21,  and  22. 


35-8.1  EXAMPLES  OF  R&D  PHASE  ELEMENT  COSTS 

m  the  R&D  phase  of  costing  approaches  for  UTTAS,  the  parametric  approach  or  top-down  method 
proved  to  be  of  considerable  advantage,  ar.d  CER’s  were  developed  for  many  of  the  elements. 

A  CER  for  airframe  development  (Element  1.01,1)  costs  was  fitted  to  previous  data  for  the  OH-6A, 
UH-1A,  SH-3A,  AH-56A,  CII-46A,  CH-47A,  and  CH-53A  ahframe  costs  (see  Fig.  1.01,  1-1  of  Ref. 
19).  The  cost  for  airframe  development,  or  the  CER,  is  given  by  i 


A  WGT 

0.0080665  (AWGT)  +  48.819 


,  FY74S 


(35-22) 


where 

,  C  =  cost  of  airframe,  FY  74$ 
AWGT  -  AMPR  weight  of  airframe,  lb. 


Engine  R&  D  costs  were  based  on  a  CER  which  expresses  cost  as  being  depends 
horsepower  *,  and  the  dry  weight  X+  Thus  the  engine  cost  is  estimated  from 


C  =  41.3  +  0.208*,° 


M  _ 


5.4*2°«l,  FY  72$ 


nt  on  only  the  shaft 
|he  equation 

(35-23) 


where 

C  =  cost  of  engine,  FY  72$ 
Xi  =  shaft  horsepower,  HP 
=  dry  weight  of  engine,  lb. 
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The  CER  for  the  prototypes  airframe  first  unit  cost  may  be  estimated  from  a  regression  relation, 
determined  from  data  on  the  HO-4,  HO-6,  US-1A,  AHofaA,  CII-47A,  CH-53A,  and  SH-3A  air¬ 
frames.  The  first  prototype  airframe  cost  equation  fitted  is  given  by 

C  =  28./277\osls  +  7\,  thousands  FY  72$ 

(35-24) 


where 

C  =  cost,  thousands  FY  72$ 

)\  =  prototype  AMPR  weight,  lb 

r2  =  adjustment  to  account  for  use  of  composite  materials  in  prototypes. 

35-8.2  EXAMPLES  OF  UTTAS  INVESTMENT  PHASE  COST  METHODOLOGY 

Ref.  20  covers  costing  methodology  for  the  Investment  phase  of  the  UTTAS  program.  The  Investment 
Cost  Matrix  includes  such  elements  as 

1.  Nonrecurring  Investment  (2.01) 

2.  Production  (2.02) 

3.  Engineering  Changes  (2.03) 

4.  System  Test  and  Evaluation  (2.04) 

5.  Data  (2.05) 

6.  System/ Project  Management  (2.06) 

7.  Operational/Site  Activation  (2.07) 

8.  Training  (2.08) 

9.  Initial  Spares  and  Repair  Parts  (2.09) 

10.  Transportation  (2.10) 

11.  Other  (2.11) 

for  system  structure  items  of  airframe,  engines,  guidance  and  control,  armament,  fire  control,  ammuni¬ 
tion  payload,  etc. 

As  an  example,  the  estimated  airframe  nonrecurring  cost  for  the  investment  phase  is  found  from  the 
CER  given  by 

C  =  5.5047  +  0.000\088(AWGT)P,  millions  FY  72$  (35-25). 


where 

C  =  nonr  urring  airframe  tooling  cost,  millions  FY  72$ 
A  WGT  =  AM  9  weight  of  airframe,  lb 

P  =  peak  monthly  production  rate  of  airframes. 


For  a  9180-lb  airframe  with  composite  material  and  a  peak  monthly  airframe  production  rate  of  1 5,  the 
nonrecurring  investment  cost  is  readily  calculated  from  Eq.  35-25  as 

C  =  5.5047  +  0.0001088(9180X15)  =  $20.5  X  10«  FY  72$. 

The  FY  77  inflated  dollar  amount  is  determined  by  using  the  multiplier  1.5268,  or  the  cost  is  thus 
1.5268  X  20.5  X  10*  =  31.3  X  10*  FY  77$. 
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Data  for  the  airframe  production  cost  basis  are  displayed  graphically  6n  Fig.  35-7  (same  as  Fig.  2.02, 
1-1  of  Ref.  20).  This  figure  gives  the  cumulative  average  cost  for  the  airframe  recurring  investment  at 
the  1000th  production  unit  in  FY  72  J  versus  the  average  AM  PR  airframe  weight  in  pounds.  A  linear  fit 
was  decided  upon  and  yielded  the  equation 

C  =  63,210  +  68.646  (AWGT),  FY  72$  (35-26) 

where 

C  =  recurring  investment  cost  for  the  airframe  at  1000  production  units,  FY  72$, 

AWGT  =  ave  AMPR  weight  of  airframe,  lb. 

The  first  unit  cost  for  manufacturing  of  the  airframe — including  recurring  engineering,  sustaining 
tooling,  and  even  quality  control — is  readily  found  by  dividing  the  cost  in  Eq.  35-26  by  1000  raised  to 
the  power  for  the  relative  learning  curve  slope,  i.e., 

F  =  [63,210  +  68.646(^  WGT)\/  \0QOilnau/til,)\  (35-27) 


Figure  35*7.  Airfnune  Recurring  Investment  Cost  CER 
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where 

F  =  first  unit  cost 

0.86  =  learning  curve  slope  or  rate  of  86%  assumed. 

A  point  of  some  interest  for  any  item  or  element  costed  would  be  the  actual  or  observed  cost  versus 
that  predicted  or  the  development  of  a  “CER”  for  such  a  relationship.  The  observed  production  cost 
st"dy  and  “CER”  developed  for  the  larger  size  engines  versus  predicted  cost  are  depicted  on  Fig.  35-8 
(i.e.,  Fig.  2.02,  2-1  ot  Ref.  20).  Note  in  this  case  that  the  fitted  CER  is  linear  in  terms  of  the  dry  weight 
Xa  and  the  ratio  of  shaft  horsepower  \\  to  dry  weight  A*  of  the  engine.  The  CER  fitted  is 

C  -  .91522  +  209.78AT,  +-  36943.2 (AVAf,),  FY  72S  (35-28) 

where 

C  =  average  cost  per  engine  for  first  100  engines,  FY  72S 
Xi  =  shaft  horsepower  SHP,  HP 
Xt  -  engine  dry  weight  DWGT,  \b. 


Predicted  Co*t, 

Thousand*  FY  72$ 

Figure  35-8.  Large  Engine  Production  Cost  CER  (Plot  of  Residuals  Ave  Cost 

for  First  100  Engines) 


35-36 


/ 


DARCOM-P  706-102 

For  this  CER,  the  mean  cost  is  $207,730,  and  the  standard  error  of  the  estimate  is  $22,649  or  about  9%. 

Also  included  in  the  production  costs  are  the  communications/navigation  equipment,  the  arma¬ 
ment  system,  and  ammunition,  the  ground  support  equipment,  subsystem  integration  features, 
engineering  changes,  test  and  evaluation  programs,  initial  spares  and  repair  parts,  and  other  needs. 
Again  we  see  that  there  are  many  items  of  cost  which  are  to  be  identified,  estimated  as  accurately  as 
possible,  and  summed  to  obtain  all  of  the  investment  costs  of  the  LTTAS  system. 

35-8.3  ESTIMATING  COSTS  FOR  THE  OPERATING  AND  SUPPORT  PHASE 

Ref.  21  contains  the  details  of  the  methodology  used  to  derive  the  costs  for  the  operating  and  support 
phase  for  the  UTTAS  system.  As  would  be  expected,  one  must  determine  the  organizations  that  will  be 
required  to  operate  and  support  the  UTTAS  system.  He  must  also  consider  maintenance,  any  materiel 
modificatipns,  direct  and  indirect  support  operations,  and  .other  relevant  costs.  For  the  military  per¬ 
sonnel  involved,  one  must  determine  total  costs— i.e.,  costs  based  on  crew  pay  and  allowances,  main¬ 
tenance  personnel  pay  and  allowances,  indirect  pay  and  allowances,  and  charges  for  permanent 
change  of  station  (PCS).  The  number  of  expected  operating  years  is,  of  course,  a  very  important 
parameter  in  all  of  the  calculations.  Furthermore,  the  various  costs  have  to  be  estimated  for  each  grade 
of  military  personnel  involved,  the  different  theaters  of  operation,  the  tables  of  organization  and  equip¬ 
ment,  and  summed  over  all  such  categories. 

For  the  UTTAS  system,  the  young  weapon  systems  analyst  may  get  some  idea  of  the  enormous 
amount  of  detail  involved  in  costing  the  operating  and  support  phase  by  scanning  Ref.  21  of  some  163 
pages.  Many  of  the  costs  are  very  direct  calculations,  building  up,  it  might  be  said,  from  a  bottoms-up 
type  of  approach.  Therefore,  there  would  seem  to  be  plenty  of  room  for  some  analytical  studies  to 
develop  regression  relation*  or  other  models  which  might  gi'*e  satisfactory  tools  for  cost  estimation  in 
the  operating  and  support  phase.  Of  course,  CER’s  may  be  used  in  the  operating  and  support  phase, 
as  well  as  for  the  R&D  and  the  investment  phases:  As  an  example  for  the  UTTAS  system,  this  was 
done  for  costing  the  replenishment  spares  for  the  airframe  and  engines.  In  fact,  the  operation  and 
maintenance  cost  per  flying  hour  in  1977  dollars  may  be  estimated  from  the  CER 

C  =  -33.9  +  0.040(A£W) ,  FY  77$  (35-29) 

where 

C  *  cost,  i'Y  77$ 

AEW  =  aircraft  empty  weight,  lb. 

35-8.4  COMMENT  ON  THE  CER’s  AND  THE  ACCUMULATION  OF  ERRORS  IN 
COSTING 

h,  •n'j  covered  some  of  the  methodology  for  estimating  R&D  costs,  investment  costs,  and  O&S 
costs  :  ,.■>  of  some  pertinence  here  to  make  some  remarks  about  the  accumulation  of  errors  in  es¬ 
timating  the  overall  or  projected  cost  of  a  weapon  system  over  the  life  cycle. 

One  may  note  in  particular  that  most  of  the  CER’s  are  linear,  or  thty  are  often  converted  to  linear 
fon  *  by  using  logarithms.  Of  course,  there  is  a  very  basic  problem  in  identifying  the  more  important 
pair  neters  and  just  how  they  should  fit  together  in  any  cost  model.  A  useful  feature  of  the  regression 
type  CER’s  is  that  standard  errors  of  prediction  may  be  calculated,  as  for  example  for  the  learning 
curve  of  par.  35-3.2.  Hence  when  all  such  costs  are  added,  one  finds  the  standard  error  of  prediction  for 
the  system  or  sum  of  all  costs  to  be  very  large  indeed.  For  example,  even  for  a  single  item  or  element, 
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the  mean  of  the  observed  costs  on  Fig.  35-7  is  about  5638,970,  and  the  standard  error  of  the  estimate  is 
a  whopping  5201,000 — nearly  a  third!  Therefore,  it  can  be  expected  that  in  many  cases  the  standard , 
errors  of  prediction  may  be  intolerably  large  for  the  items  or  elements  costed.  This  could  invalidate  the 
cost  model.  Furthermore,  it  can  easily  be  seen  that  systems  as  complex  as  the  L  ITAS,  or  even  much 
simpler  systems,  may  have  literally  hundreds  of  items  or  elements  for  which  to  estimate  costs. 
Moreover,  irrespective  of  the  use  of  CER’s  or  engineering  approaches  to  determine  estimates,  there 
will  be  errors  in  estimating  the  true  or  actual  costs.  This  leads  us  to  reflect  just  briefly  on  the  total  error 
of  prediction  for  the  overall  costing  of  a  system  life  cycle.  In  fact,  the  problem  may  be  examined 
statistically  as  indicated  in  the  paragraphs  that  follow. 

Consider  adding  up  the  costs  of  i  —  1,2 , . . . ,  n  items  or  elements  of  a  weapon  system,  where  L\  is  the 

estimated  cost  for  the  ith  element  but  has  a  standard  error  of  estimate  equal  to  <r,.  Then  clearly,  the 

total  of  the  estimated  costs,  or  the  overall  system  life  cycle  cost,  is 

C  =  £  C,  (35-30) 

t-i 

and  the  variance  of  the  total  estimated  cost  C  is 

=  L  (35-311 

<-i 

which  mounts  rather  quickly  with  increasing  n.  Thus  if  the  average  variance  per  element  of  the  system 
is  taken  to  be  <7*,  then 


<r?  -  n<r* 

<-i 


(35-32) 


and  we  see  that  the  standard  error  of  the  estinrated  system  life  cycle  cost  is 
ac  =  y/na. 


(35-33) 


As  an  example,  suppose  we  have  under  consideration  a  weapon  system,  the  life  cycle  costing  of 
which  requires  the  summing  of  1 00  cost  element! .  Suppose  further  that  we  would  like  for  the  standard 
error  of  estimate  for  the  system  life  cycle  cost  to  not  exceed  10%.  Then  from  Eq.  35-33,  it  is  easily  seen 
that  the  "average”  standard  error  of  estimate  for  each  element  costed  cannot  exceed  1%  of  the  system 
life  cycle  cost,  which  may  be  difficult  indeed. 

Finally,  we  see  the  need  to  develop  and  have  available  some  kind  of  confidence  statements  for  system 
life  cycle  costs.  As  a  hypothetical  example  and  to  avoid  classified  cost  data  for  UTTAS,  let  us  consider 
LCCE  data  for  "UTAH”,  a  Utility  Tactical  Assault  Helicopter.  By  use  of  the  independent  parametric 
cost  estimate  (IPCE)  approach  to  place  upper  and  Ipwer  bounds  on  estimated  costs,  it  was  found  in 
this  connection  that  the  BCE’s  were  within  the  ra  nges  of  limits  determined  by  the  IPCE’s,  as  shown  in 
Table  35-6. 

The  expected  total  cost  of  the  UTAH  system  over  the  life  cycle  may  be  taken  to  be  (in  FY  77$) 

581  +  2146  +  6423  -  $9,150  X  10*. 
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TABLE  35-6 

SUMMARY  OF  LCCE  OF  UTAH 
(MILLIONS  FY  77$) 


Phase 

Lower 

IPCE 

Cost 

Estimate 

Most  Likely 

BCE  Cost 
Estimate 

Expected 

IPCE 

Cost 

Most 

Likely 

IPCE 

Cost 

Up!  per 
IPCE 
Cost 
Estimate 

R&D 

,  488 

540 

581 

601 

'  713 

Investment 

1768 

2086 

2146 

2380 

2986 

O&S 

4633 

3143 

6423 

6642 

7527 

T)ie  standard  error  of  this  estimate  could  be  determined  with  the  aid  of  Eq.  35-31  if  the  variance:  of  the 
individual  element  costs  were  known,  but  such  information  is  not  available.  To  get  an  approximate 
standard  error,  we  might  perhaps  assume  safely  that  the  “lower”  and  “upper”  IPCE  cost  estimates  for 
the  R&D;  investment,  and  O&S  phases  are  “in  the  tails”of  the  distributions,  and  consider  for  illustra¬ 
tion  here  that  they  aee  at  about  the  0.025  and  0.975  points  of  a  normal  distribution.  Then  the  standard 
errors  of  the  three  phases  are: 

<tc(R&D)  *  (713  -  488)/3.92  *  57.4 
<j c(Inv)  «  (2986  -  1768)/3.92  »  310.7  , 
oc{0&S)  *  (*527  -  4633)/3.92  =  738.3. 

The  standard  error  of  the  total  cost  is  then  estimated  as 

<rc  =  v/(57.4)*  +  (310  7)*  +  (738.3)*  =  $803.1  X  10*. 

“state  with  95%  confidence”  that  the  true  life  cycle  cost  of  UTAH  w  ill  be 

10*  ±  1.96  ($803.1  X  10*) 

10*  to  $10724  X  10* 

indicating  a  difference  of  about  $3,148  X  10*,  or  a  very  wide  “confidence”  interval.' 

35-9  HIGH  RELIABILITY  AND  SYSTEM  COST 

Finally,  perhaps  we  should  make  a  remark  about  system  reliability  since  it  certainly  is  one  of  the 
parameters  which  drives  up  the  cost  of  weapon  systems.  As  the  saying  goes,  the  higher  the  required 
reliability  of  the  system,  the  higher  and  higher  the  to.al  cost,  and  extreme  reliability  will  mean  very 
high  costs.  No  doubt,  the  problem  of  guaranteeing  high  reliability  is  one  of  the  most  difficult  engineer¬ 
ing  and  quality  assurance  areas  of  current  interest  for  many  weapon  systems;  therefore,  this  deserves 
some  special  consideration  in  cost  analysis  studies  of  many  weapons.  An  informative  study  of  such  a 


Or  in  other  words,  we  might 
given  by 

$9150  X 
or 

$7576  X 


/ 


/ 
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problem  is  covered  in  Ref.  23.  This  reference  makes  a  study  of  industrial  practices  and  procedures  and 
makes  some  recommendations  for  improvements  in  the  general  area  of  guaranteeing  reliability  of  elec¬ 
tronic  systems.  Without  doubt,  much  more  emphasis  will  be  placed  on  the  problem  since  “reliability 
growth”  of  military  systems  is  now  rather  widely  analyzed  and  practiced.  (See  also  Chapter  36,  par. 
36-5). 

35-10  SUMMARY 

We  have  introduced  the  problem  of  estimating  weapon  system  life  cycle  costing  and  have  indicated 
the  very  involved  nature  of  the  process.  It  is  clear  that  life  cycle  costing  of  systems  must  fit  within  the 
framework  of  the  required  documentation,  coordination,  review,  and  budget  approval  procedures  of 
the  DOD  and  Army.  In  fact,  the  year-to-year  financial  impact  of  weapon  system  costs  on  Army  ap¬ 
propriations  must  be  estimated  as  accurately  as  possible  to  insure  that  adequate  funds  will  be  available 
to  complete  all  of  the  overall  weapon  system  programs.  This  clearly  requires  a  thorough  knowledge  of 
the  DOD  and  Army  program  planning  and  budget  programs. 

It  appears  very  convenient  to  determine  life  cycle  cost  of  systems  by  dividing  the  costing  effort  into 
three  phases:  (1 )  the  R&D  phase,  (2)  the  investment  o-  procurement  phase,  and  (3)  the  operating  and 
support  phase.  Inherent  in  the  preparation  of  LCCE  is  the  determination  of  the  useful  life  of  a  system. 

We  have  covered  many  of  the  current  techniques  for  estimating  costs  over  the  life  cycle  of  a  weapon 
system,  and  we  have  illustrated  the  process  by  using  an  example  involving  ITIT'AS  and  a  hypothetical 
system  called  UTAH,  Utility  Tactical  Assault  Helicopter. 
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CHAPTER  36 

SOME  SPECIAL  COST  ESTIMATION  TECHNIQUES 

In  view  of  its  importance,  the  concept  of  the  learning  curve  is  discussed  more  fully,  and  the  usual  model  for  it  is  derived 
in  an  elementary  manner.  Because  it  is  often  necessary  to  provide  rather  rough  estimates  of  costs  for  Army  systems,  the 
application  of  the  Program  Evaluation  and  Review  Technique  (PF.RT)  is  'overed  in  sufficient  detail  for  the  weapon 
systems  analyst.  Since  it  is  seen  that  design  changes  at  various  period  during  late  development  and  production  will  have 
an  important  impact  on  costs,  the  concept  of  altering  the  learning  curve  when  such  changes  occur  represents  an  area  of 
some  particular  interest  to  the  analyst.  Reliability  growth  costs  are  also  discussed. 

36-0  LIST  OF  SYMBOLS 

A  ■=  absolute  minimum  value  for  the  beta  distribution 
A  -  constant  to  be  determined  (see  Eq.  36-46) 
a  -  coefficient  in  Eq.  36-14 
a  ~  estimate  used  in  PERT  (see  par.  36-3) 
a  -  estimate  of  A,  the  minimum 
B  =  absolute  maximum  value  for  the  beta  distribution 
B  ■  constant  which  represents  the  slope  of  the  fitted  cost  line  in  Eq.  36-46 
b  -  I  nZ./ln  2  =*  exponent  of  the  learning  curve 
b  *  estimate  used  in  PERT  (see  par.  36-3) 
b  *  estimate  off?,  the  maximum 
C  -  C(R)  =  cost  to  achieve  reliability  R 
C  =  average  cost  per  item  for  n  produced  items 
C(T)  =»  N(T)/T  x  cumulative  failure  rate  to  time  T 
Cr  =  total  cost  of  all  n  items 
C|  »  cost  of  first  item  produced 
C,  *  cost  of  second  item  produced 
Ct  *  cost  of  fourth  item  produced 
C,  »  cost  of  tth  item  produced 
C,  •  cost  of  nth  or  last  item  produced 
C,(n)  ■  cost  of  nth  produced  item  before  the  first  design  change 
C,(n)  »  CR  where  there  was  no  design  change 
C,(it  —  «,)  *  new  cost  of  items  produced  after  n  -  n,  ■  jT,(«  —  »,)* 

C,(n  —  tt|)  “  new  cost  at  the  *(th  design  change 
c  ”  cost  variable  for  PERT 
d  ”  one-time  tooling  cost 
£(c)  »  expected  value  of  cost  c 
f{c)  ■  probability  density  function  of  costs 
h(t)  “  failure  rate,  hazard  rate,  or  intensity  function 
A",  -  cost  of  1st  produced  item  before  first  design  change 
”  Ci  for  no  change  in  design 

i 

Kt  m  Kt  ^nj(l  -  X,)  +  y,]  -  constant  representing  the  changed  cost 
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k  =  1  /{{B  —  /J)p+,+l  0(p  +1,9  +  1)]=  constant  to  make  the  area  under  the  beta 
distribution  curve  equal  to  unity 
k  -  1,2, ....  n  =  stages  in  system  development 
L  =  learning  rate  =  80%,  90%.  etc. 

A/  =  true  mean  value,  or  the  population  mean 
A/#  =  true  modal  value,  or  the  population  mode 
M(Tg)  =  mean  time  between  failures  (MTBF)  at  T  =  T„ 

M{Th)  =  maximum  likelihood  (ML)  estimate  of  MTBF  at  time  Tn 
m  -  PERT  estimatt  of  M  =  (a  +  4m,  +  b)/b 

m,  =  estimate  of  A/*,  the  mode 

T)  =  total  number  of  failures  to  time  T 
n  =  item  number  (even  for  changes  in  design  during  production) 
n i  =  item  number  at  the  first  change  in  design 

n,  =  item  number  at  the  second  change  in  design 
n,  -  item  number  at  the  tth  change  in  design 

n  —  rt i  =  number  of  items  beyond  the  first  design  change  where  the  old  learning  curve  is 
corrected  or  changed  to  start  the  learning  process  over 
p,  q  =  shape  parameters  for  the  beta  distribution 
R  =  reliability  level 

R(THi  t)  =  ML  estimate  of  reliability  at  T„  for  new  random  failure  time  l 
r  -  last  or  rth  design  charge 
,r{T)  -  instantaneous  failure  rate 

T  =  test  time-to-fail  for  an  item  at  some  stage  of  development 
T,  =  cumulative  test  times  to  any  failure  for  the  «th  stage  of  development 
T0  ~  specified  development  test  time 
t  =  random  failure  time  of  item  on  test 
lm  m  mission  time 

im  m  unit  or  system  specified  mission  time  for  service  use  after  the  last  develop¬ 
ment  test 

u«  »  lower  a  probability  level  of  u  (see  Table  36-2) 
u,_ *  *  upper  a  probability  level  of  u  (see  Table  36-2) 
d  m  PERT  estimate  of  variance  •  {b  -  <j)*/  36 
x  m  natural  logarithm  of  the  number  of  the  item 
y  *  natural  logarithm  of  the  cost  of  an  item 

2“  ”  general  geometrically  numbered  item  for  the  learning  curve  (ratio  of  2) 

InX  «  ordinate  intercept  for  In  T  »  0 
1  -  a  ■  upper  probability  level  (>  0.5) 
a  m  lower  probability  level  (<0.5 ) 

0  m  Weibull  shape  parameter 
0  "  ML  estimate  of  0 

0(p,q)  m  ■  complete  beta  function 

*  IpTV 

y  m  slope  of  a  fitted  (logarithmic)  line  ' 

y,  ■  fractional  increase  in  cost  based  on  the  first  design  change  as  it  affects  new 
production  at  the  (a(  +  l)st  item 
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5  =  characteristic  life  =  X~l/^ 

X  =  Weibull  scale  parameter 

Xt  =  fractional  reduction  in  production  cost  due  to  first  design  change 
Xi,  y,  — .  similar  fractional  quantities  for  the  ith  design  change 
X  =  ML  estimate  of  X 
a1  =  true  variance 

a  =  estimate  of  standard  deviation  of  a 

36-1  INTRODUCTION 

In  Chapter  35,  we  presented  a  ratKer  detailed  formulation  and  discussion  of  the  problem  of  life  cycle 
costing  of  Army  weapon  systems,  and  we  indicated  the  usual  methods  or  techniques  of  estimating 
costs.  The  prominent  techniques  for  estimating  costs  consisted  of  the  analogy  approach,  the  bottoms- 
up  or  itemized  engineering  approach,  and  the  top-down  or  usually  statistical  regression  approach.  In 
the  process  of  estimating  life  t/cle  costs,  we  found  it  necessary  to  illustrate  by  actual  example  the  use  of 
the  so-called  learning  curve  during  production.  In  view  if  its  importance,  we  derive  the  law  or  equation 
for  the  learning  curve  in  this  chapter  and  introduce  some  special  techniques  the  analyst  might  need  in 
his  costing  problems.  One  of  these  is  PERT  which  may  often  be  found  to  be  of  some  particular  use 
when  it  becomes  necessary  to  develop  rough  cost  data. 

Since  it  is  very  likely  there  will  be  some  design  changes  in  Army  systems  during  late  development, 
prototype  production,  and  production  in  quantity,  the  analyst  should  be  aware  of  the  fact  that  learning 
curves  will  correspondingly  change  in  a  significant  or  even  drastic  manner.  For  this  reason,  the  analyst 
should  be  aware  of  models  which  can  alter  properly  the  learning  curve  because  of  design  changes. 
Finally,  reliability  growth  may  have  to  be  costed. 

36-2  THE  LEARNING  CURVE  AND  ITS  CHARACTERISTICS 

The  original  work  and  idea  for  the  so-called  learning  curve  theory  has  been  credited  to  Leslie 
McDill,  who  was  commanding  officer  of  Cook  Field,  OH  (now  well  known  as  Wright-Patterson  Air 
Force  Base).  McDill’s  work  on  learning  curves  was  performed  about  1925.  Later  in  1936,  T.  P.  Wright 
published  a  paper  on  learning  curve  theory  in  the  Journal  of  the  Aeronautical  Sciences,  the  title  of  his  paper 
being,  “Factors  Affecting  the  Cost  of  Airplanes”.  Wright  (Ref.  I)  showed  among  other  things  that  as 
the  number  of  production  aircraft  increased,  the  cumulative  average  unit  cost  .o  produce  the  aircraft 
decreased  at  a  constant  rate.  This  Finding  has  been  referred  to  as  the  “cumulative  average  theory”. 
Wright  also  expressed  costs  in  dollars  per  pound.  While  working  for  the  Lockheed  Corporation  during 
World  War  II,  J.  R.  Crawford  advanced  the  proposition  that  as  the  number  of  aircraft  produced  con¬ 
tinued  to  increase,  the  unit  cost  to  produce  an  airplane  would  decrease  at  a  constant  rate  Crawford’s 
propostion  became  known  as  the  "unit  theory”.  Naturally,  as  experience  with  the  production  of  any 
item  increases,  efficiency  improves  and  the  cost  of  the  items  exiting  the  production  line  is  bound  to  go 
down  in  some  describable  fashion.  Thus,  there  must  be  some  kind  of  law  which  should  describe  this 
trend,  and  the  law  developed  has  been  labeled  the  “teaming  theory”  or  “learning  curve”  law. 

The  learning  curve  perhaps  has  a  somewhat  strange  formulation,  involving  the  number  two  in  a  very 
prominent  way,  for  it  indicates  that  production  costs  are  lowered  by  the  multiplication  of  the  learning 
rate  factor  every  time  the  number  of  r.^nufactured  articles  or  items  i  doubled.  We  illustrate  the 
process  and  its  formulation  in  Table  36-1  for  a  learning  rate  L  of  90%. 
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TABLF  36-1.  THE  LEARNING  CURVE  PROCESS 


EQUATION  OF 

PRODUCTION 

ITEM 

PRODUCTION  COST 

COST 

NUMBER 

OF  ITEM 

OF  ITEM 

I  C,  =  C,  J1.000 


2 

C,  =  C,.  =  LC, 

900 

4 

c,  =  =  l*C, 

810 

8 

r.  =  r*  =  /v., 

'29 

!6 

(it  =  C*  =  L'C, 

656  10 

32 

(»  =  f->  =  IHX 

590.49 

*>• 

C*  >  L'C , 

(0  90)“(  1000) 

We  let  the  cost  of  the  first,  second,  etc.,  items  produced  be  designated  respectively  by  C,,  C*  Ct,  ..., 
Ct,  ....  C„  where  C,  =  cost  of  ith  item  produced,  and  C,  =  cost  of  nth  or  last  item  produced.  Thus,  in 
the  original  formulation  of  the  learning  curve,  the  first  itetn  costs  C,,  or  51,000  as  shown  in  the  last 
column  of  Table  36-1.  Then,  when  production  is  doubled  to  two  articles,  the  cost  of  the  second  item 
produce  J  is  ihe  learning  rate  L  -  0.90  times  the  cost  of  the  first  produced  article.  Then,  when  produc¬ 
tion  is  doubled  again,  from  2  to  4  items,  the  cost  of  the  4th  item  is  the  learning  rate  L  times  the  cost  of 
the  second  article,  or  (L)(L)C,  -  DC,,  or  for  the  example,  we  get  (0.90)*  (1000)  =  5810.  The  process 
continues  in  this  progression,  so  the  cost  of  the  8th  item  is  Z*C,,  or  (0.90)*  (1000)  =  5729,  for  the  exam¬ 
ple;  the  cost  of  the  16th  item  is  L*C,,  or  5636.10,  etc.  Note  that  the  item  numbers  proceed  in  a 
geo.ijetric  progression  with  the  ratio  of  adjacent  terms  equal  to  two,  and  the  costs  proceed  also  in 
geon  eiric  progression  with  ratio  equal  to  the  learning  .'ate  L.  Thus,  for  any  generai  power  of  2,  say  u, 
we  have  that  the  2"th  item  will  cost  DC,,  or  (0.90) "(l 000)  dollars. 

To  find  the  costs  for  any  (and  all)  numbered  production  item(s),  i.e.,  1,  2,  3,  4,  5,  6,  7,  etc.,  we  see 
that  he  cost  law  is  geometric  at  the  geometrically  numbered  articles,  and  we  may  therefore  linearize 
the  process  by  taking  logarithms  and  fit  a  line  passing  through  the  end  points,  or  for  the  first  item  and 
its  ccst,  and  the  last  or  nth  item  and  its  cost.  Letting >  ■  the  logarithms  of  the  costs,  and  x  ^  the 
logarithms  of  the  item  numbers,  the  fitted  line  or  equation  on  the  logarithmic  scale  is  seen  to  be 


y  —  lnC,  \n(LuC,)  —  InCt  gin  L 
jt  —  In  1  In  2“  —  Ini  «ln2 
7  -  In C,  +  (InZ,/ln2)jr. 


However,  since  x  m  Inn  »  In 2“  for  the  nth  or  last  produced  article,  and  y 
article,  then  from  Eq.  36-2 


(36-1) 

(36-2) 

InC„,  the  cost  of  that 


or 


where 


lnC»  "  lnCt  +  (ln£/ln2)  (Inn) 

C„  -  C,(>^») 

“  C,n* 

b  -  In£/ln2. 


(36-3) 

(36-4) 
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Eq.  36-3  states  that  the  cost  of  the  nth  produced  item  is  equal  to  the  cost  C,  of  the  first  item  multiplied 
by  the  number  n  of  the  item  designated  raised  to  the  power  equal  to  the  logarithm  of  the  learning  rate  L 
divided  by  the  In  2.  Thus,  using  the  geometric  points  of  the  learning  curve,  we  have  found  an  equation 
for  the  cost  of  any  numbered  item  produced.  (Eq.  36-3  is  not  a  geometric  series,  however.) 

Since  the  learning  rate  L  is  always  less  than  unity,  the  exponent  b  is  always  negative.  For  example,  if 
L  -  0.90,  then  b  -  In0.90/In2  =  -0.15. 

The  total  cost  CT  of  all  n  items  from  the  production  line  is  also  of  much  interest  and  is 

CT  =  LQ  ■  (36-5) 

i  - 1 

But  since 

C,  =  C.OT  (36-6) 

for  all  i  as  determined  in  Eq.  36-3,  then 

CT  =  C,  E  I* 

i  - 1 

*  Cx{nb+'/(b  +  1)  +  ns/2  +  bn"-1/ 12  -  -}.  (36-7) 

The  Series  expansion  (Eq.  36-7)  may  be  determined  from  equations  for  summing  series  by  the  methods 
of  the  Calculus  of  Finite  Differences.  Thus,  when  the  number  of  items  n  produced  is  sufficiently  large, 
then  the  second,  third,  etc.,  terms  of  Eq.  36-7  nearly  vanish,  for  b  is  negative.  Then  the  total  cost  of  n 
produced  items  becomes 

Cr  =  Cxnb+i/(b  +  1)  (36-3) 

giving  an  equation  that  is  not  often  used.  Instead,  many  investigators  recommend  use  of  the 
approximation 

CT  *  C,n*+l'  (36-9) 

apparently  assuming  that  b  is  suitably  small  when  the  learning  rate  is  sufficiently  high.  Eq.  36-9  is  easy 
to  fit  by  least  squares  by  taking  logarithms  of  both  sides,  whereas  the  more  exact  Eq.  36-8  becomes  a 
bit  more  awkward.  Eq.  36-8  is  well  worth  using,  however,  since  b  may  be  found  by  iteration,  if 
necessary,  for  example.  Eq.  36-9  is  widely  suggested  for  its  simplicity,  however,  but  gives  a  smaller  b 
than  the  true  one. 

One  notes  that  given  appropriate  cost  data  on  the  items  produced  then  the  exponent  b  may  be  deter¬ 
mined  by  the  method  of  least  squares  (usually  working  on  the  logarithmic  scale)  by  the  aid  of  Eq.  36-3, 
36-8,  or  36-9.  Moreover,  when  the  exponent  b  is  found,  then  the  learning  rate  L  may  be  determined 
from  Eq.  36-4 

L  -  2*r  ,  (36-10) 

For  example,  if  b  is  found  by  linear  least  squares  (from  logarithmic  data)  to  be  —0.3,  then  the  value  of 
L  is 

1  =  2-**-  0.81  or  81%. 

The  cumulative  average  cost  per  item  £  may  be  found  by  dividing  the  total  cost  for  all  items 
produced  by  the  total  number  of  items.  That  is,  from  Eq.  36-8,  we  see  that 

C  =  CT/n  =  Ctn*/(b  +1)  (36-11) 

or  from  Eq.  36-9 

C  =*  CT/n  Ct/»*. 


(36-12) 
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If  the  cumulative  average  cost  and  the  unit  cost  are  plotted  together  on  a  graph  versus  the  number  of 
produced  units,  then  as  perhaps  expected,  the  unit  cost  curve  will  drop  and  contini  e  below  the 
cumulative  average  cost  curve. 

Andress  (Ref.  2)  gives  an  account  of  the  learning  curve  as  a  production  tool,  including  background 
information;  some  of  the  hazards  that  may  be  involved  in  using  learning  curve  theory;  and  re¬ 
commended  applications  such  as  in  electronics,  home  appliance  ,  residential  home  construction,  ship¬ 
building,  machine  shop  operations,  product  innovation,  proportion  of  assembly  time,  and  advat,"ed 
planning.  Thus,  Andress  seemed  to  think  that  the  uses  of  learning  curves  should  be  widespread  indeed. 
In  our  account  here  so  far,  we  have  applied  the  theory  only  to  cost  estimation,  although  it  may  as  well 
be  applied  to  man-hours  to  perform  production  operations,  other  measures  of  effort,  and  other  areas  as 
'  well,  no  doubt. 

An  example  on  fitting  the  learning  curve  given  by  Eq.  36-9  is  fully  illustrated  in  par.  35-3.2,  based  on 
data  displayed  in  Table  35-1,  and  the  computations  in  Table  35-2.  Moreover,  some  of  the  more  perti¬ 
nent  information  on  the  original  scale  of  costs  is  given  after  transformation  of  the  least  square 
parameters  for  the  equation  fitted  on  the  logarithmic  scale. 

The  previous  account  might  be  referred  to  as  the  “conventional”  learning  curve  theory.  Vardernan 
and  Laney  (Ref.  3),  based  on  a  study  of  flyaway  costs  for  some  Navy  aircraft,  have  suggested  some 
modifications  of  the  conventional  learning  curve  models  to  improve  accuracy  of  cost  predictions.  The 
first  change  is  to  include  one-time  tooling  costs,  so  that  Eq.  36-9  is  modified  to  become 

CT  =  Qnt+i  +  d  (36-13) 

where  d  is  the  one-time  tooling  cost. 

Another  adjustment  attempts  to  take  into  account  the  combined  effects  of  the  introduction  of 
engineering  changes  and  the  diminishing  rate  of  learning,  both  of  which  require  the  log-linear  curve  to 
be  adjusted.  Vardernan  and  Laney  (Ref.  3)  point  out  that  this  modification  may  be  of  particular  con¬ 
cern  when  one  is  tiding  to  project  future  costs  based  on  currently  available  data.  The  idea  here  is  to 
make  a  continuous  adjustment  to  the  slope  of  the  conventional  learning  curve,  and  they  suggest  fitting 
the  total  cost  curve  given  by 

CT  -  Cj/t*+l+aln"  +  d  (36-14) 

where  the  new  coefficient  or  parameter  a  depends  on  the  type  of  aircraft. 

The  learning  curve  approach  represents  a  particular  method  of  estimating  cost,  labor,  or  effort  ap¬ 
plied  to  a  project;  namely,  that  to  the  repetitive  operations  of  production.  One  might  consider  also  a 
“rough  ’  but  somewhat  more  general  approach  to  many  cost  estimation  problems,  and  this  is  through 
the  use  of  methodology  for  PERT  which  we  next  discuss. 

36-3  COST  ESTIMATION  BY  USE  OF  THE  PERT  TECHNIQUE 

We  have  seen  in  Chapter  35  that  even  though  some  otherwise  refined  methods  for  estimation  of  costs 
were  applied,  the  cost  estimates  themselves  were  often  quite  variable  or  uncertain— to  say  the  least. 
Moreover,  the  total  costs  for  the  life  cycle  of  a  weapon  system  were  found  to  be  subject  to  rather  wide 
variations  or  statistical  uncertainty.  For  this  reason,  and  for  the  sake  of  making  quick  and  cheap  es¬ 
timates  wherever  possible,  then  occasionally  and  for  certain  applications  at  least,  the  use  of  approx¬ 
imate  or  rough  techniques  of  estimation  may  be  permissible.  In  this  connection,  and  for  cei  tain  phases 
of  life  cycle  cost  estimation,  one  might  well  consider  the  possible  use  of  subjective  cost  estimates  based 
on  PERT.  PERT — originally  referred  to  as  the  Program  Evaluation  Research  Technique — was 
developed  for  the  Special  Projects  Office  of  the  Navy  Bureau  of  Ordnance  in  connection  with  the 
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POLARIS  Fleet  Ballistic  Missile  Program  and  is  described  by  Malcolm,  Rosebloom,  Clark,  and  Fazar 
(Ref.  4).  Their  paper  describes  the  development  and  application  of  the  PERT  technique  for  measuring 
and  controlling  development  progress  for  the  POLARIS  Fleet  Ballistic  Missile  Program.  The  PERT 
methodology  the  authors  initiated  was  for  the  purpose  of  developing,  testing,  and  implementing  a 
systematic  methodology  for  providing  management  with  integrated  and  quantitative  evaluation  of 
progress  to  date  and  the  outlook  for  accomplishing  the  objectives  of  the  fleet  ballistic  missile  prograrn. 
It  also  involved  studying  the  validity  of  established  plans  and  schedules  for  accomplishing  the  program 
objectives  and  determining  the  effect  of  any  changes  proposed  in  established  plans.  In  fact,  the 
research  and  development  program  was  characterized  as  a  network  of  interrelated  events  to  be 
achieved  in  a  properly  ordered  sequence.  The  basic  data  for  the  PERT  analysis  consisted  of  estimates 
of  elapsed  time  for  the  various  activities  which  connect  the  dependent  events  of  the  network.  The  time 
estimates  were  obtained  from  “responsible,  technically  qualified”  individuals  and  were  subsequently 
expressed  in  “probability”  terms  or,  that  is,  by  a  method  of  quantifying  uncertainty.  Thus,  although 
the  original  development  of  PERT  was  associated  with  times  to  complete  various  phases  of  a  project, 
we  nevertheless  will  deal  with  costs  here  instead.  Moreover,  it  can  be  argued  that  time,  cost,  and  often 
other  measures  of  effor  will  be  equivalent. 

The  PERT  team  for  the  Navy  project  felt  that  the  most  important  requirement  for  the  evaluation 
was  the  provision  of  detailed,  well-considered  estimates  of  the  time  constraints  on  future  activities,  and 
hence  that  only  carefully  considered  time  estimates  should  be  obtained.  In  fact,  the  person  making  any 
such  estimates  must  have  a  very  thorough  understanding  of  the  work  to  be  done.  PERT  recognized 
that  the  time  estimates  for  some  activities,  such  as  research  and  development,  are  highly  uncertain, 
and  that  such  uncertainty  should  be  quantified  and  made  known.  Thus,  it  is  seen  that  one  is  really  in¬ 
volved  in  estimating  the  significant  parameters  of  distributions  in  times  to  perform  certain  activities  or 
work.  Another  requirement  is  knowledge  of  the  precise  sequencing  of  the  various  activities  to  be  per¬ 
formed  with  the  realization  that  any  specific  step  in  an  isolated  area  of  work  cannot  be  completed  until 
a  specific  step  in  another  activity  has  been  accomplished.  In  a  like  vein,  we  will  regard  these  considera¬ 
tions  as  being  important  also  for  the  estimation  of  costs.  In  fact,  we  might  consider  that  the  problem  of 
fielding  a  weapon  system,  or  the  pursuit  of  a  development  program,  etc.,  may  be  considered  to  be  a 
function  of  several  key  variables.  These  variables  are  essentially  of  three  kinds:  resources,  usually  in  the 
form  of  dollars,  or  what  dollars  represent — manpower,  materials,  and  methods  of  production; 
technical  performance  of  the  weapon  system  and  its  components;  and  finally  time.  Here,  our  problem 
is  to  estimate  costs  in  a  meaningful  way. 

Of  course,  we  recommend  that  costs  always  be  estimated  in  the  most  accurate  way,  if  possible  and  if 
time  permits.  However,  there  often  will  be  the  requirement  or  the  existence  of  a  deadline  to  preclude 
the  most  accurate  estimation  of  project  costs.  It  is  then  that  the  rather  subjective  PERT  approach  that 
follows  may  be  used,  perhaps  with  some  success. 

Once  it  had  been  decided  to  employ  the  PERT  technique  to  determine  likely  costs,  it  becomes 
necessary  to  study  thoroughly  the  element  or  characteristic  involved  and  for  such  a  task  to  estimate  the 
most  optimistic  (least)  cost,  the  most  pessimistic  (greatest)  cost,  and  the  most  likely  cost.  Thus,  the 
minimum,  the  maximum,  and  the  modal  values  or  estimates  represent  the  key  parameters  of  study  and 
the  very  basis  for  the  PERT.  Hence,  further,  one  might  postulate  or  adopt  the  concept  of  a  distribution 
of  costs  for  any  item  or  activity  in  a  manner  that  the  “distribution”  has  a  maximum  value  B,  a 
minimum  value  A,  and  a  most  likely  or  modal  value  A/*.  The  situation  is  described  graphically  in  Fig. 
36-1. 

One  notes  that  there  is  very  little  chance  that  either  the  most  optimistic  cost'  A  or  the  most 
pessimistic  coit  B  would  be  realized — the  true  cost  would  likely  be  somewhere  in  between — so  that  the 
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Figure  36-1 .  Typical  Beta  Distribution 


probable  distribution  of  costs  would  reach  a  maximum  somewhere  in  the  middle.  No  assumption  is 
really  made  about  the  position  of  the  point  M o,  the  most  likely  value  of  the  cost,  since  this  would  de¬ 
pend  on  the  estimator’s  judgement.  Nevertheless,  these  concepts  fit  in  rather  well  with  the  idea  of  a 
generalized  beta  distribution  which  is  widely  referred  to  in  the  statistical  literature.  The  PERT  idea  is 
not  to  get  so  involved,  however,  since  the  beta  distribution  is  characterized  by  four  parameters — the 
mean,  the  standard  deviation  (or  such  measure  of  dispersion),  the  skewness,  and  the  amount  of 
kurtosis — with  full  realization  of  the  abrupt  endpoints,  instead  of  long  tails  going  off  to  infinity.  An 
adequate  statistical  model  of  the  beta  density  to  represent  probable  costs  is 

/(c)  ~  k(c  —  A)P(B  —  c)9,  A«<  B  (36-15) 

where 

/(c)  =  probability  density  function  of  costs 
c  =  cost 

k  -  constant  to  make  the  area  under  the  distribution  curve  equal  to  unity 

= .  t/[(B-A)'*'*ll3(p+  1,?  +  1)] 

0(y)  *  complete  beta  function"  —  - 

A  m  minimum  cost  < 

.  B  =*  maximum  cost 

p,q  *  pr*-ameters  determining  the  shape  of  the  beta  distribution. 

Whereas,  the  mode,  or  most  likely  value,  of  the  distribution  is  taken  to  be  A/#,  then  we  may  de¬ 
signate  the  average  value,  or  true  mean,  of  the  distribution  to  be  E{c)  m  M. 

For  the  PERT  estimation  problem,  or  the  sampling  problem,  the  recommendation  and  practice, 
according  to  Ref.  4,  is  to  get  qualified  experts  w  estimate  the  least  cost  A,  the  maximum  cost  B,  and 
the  most  likely  cost  A/,.  Then,  the  estimates  of  these  are  denoted  by 

a  »  estimate  of  A 
b  ”  estimate  of  B 
m*  ”  estimate  of  M%- 
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With  these  expert  estimates,  the  true  mean  Af  and  true  variance  a 2  of  the  (general)  beta  distribution  are 
determined  from 

m  —  estimate  of  M  =  {a  +  4 m0  +  b)/ 6  (36-16) 

v  =  estimate  of  a1  =  (b  —  a)2/ 36.  (36-17) 

Thus,  with  these  principles,  one  has  a  simple,  straightforward  approach  to  estimate  the  mean  cost  of 
an  item,  a  project,  etc.,  and  the  variance  or  standard  error  of  the  distribution  of  costs. 

To  illustrate,  let  us  return  to  the  data  of  Table  35-6  for  various  life  cycle  costs  of  the  Utility  Tactical 
Assault  Helicopter  (UTAH).  Suppose,  for  example,  that  experts  estimated  the  least,  the  greatest,  and 
the  most  likely  independent  parametric  cost  estimate  (1PCE)  costs  as 

a  =  least  IPCE  cost  of  R&D  phase  =  $488  X  10* 
b  —  greatest  IPCE  cost  of  R&D  phase  =  $713  X  10* 

A /„  =  modal  IPCE  cost  of  R&D  phase  =  $601  X  10*. 

Then,  with  these  data  one  could  use  Eq.  36- 1 6  to  find  the  expected  or  mean  IPCE  cost,  which  would  be 
M  =  [488  +  4(601)  +  713J/6  «  $601  X  10*. 

Note  that  the  expected  IPCE  cost,  calculated  by  more  refined  methods,  turned  out  to  be  $581  X  10’ 
The  reader  realizes,  of  course,  that  the  least,  greatest,  and  most  likely  IPCE  cost  estimates  of  Chapter 
35  were  actually  calculated  by  more  refined  methods  than  that  of  PERT.  Our  interest  here  is  for  il¬ 
lustrative  purposes  only. 

The  estimate  of  the  standard  deviation  of  costs  is  calculated  from  Eq.  36-17  as 

d  =  (713  -  488)/6  »  $37.5  X  10*. 

By  contrast,  in  par.  35-8,  we  considered  the  least  and  greatest  costs  of  Rtf.  17,  Chapter  35,  to  be  at  the 
2.5%  and  97.5%  points  of  a  “normal”  distribution,  and  estimated  the  standard  deviation  to  be 

a  =  (b  -  a)/ 3.92  =  (713  -  488)/3.92  =  $57.4  X  10*. 

Thus,  one  may  see  that  the  assumption  of  the  exact  distribution  to  use  for  cost  determination,  along 
with  the  method  of  estimation  of  the  parameters,  could  indeed  be  somewhat  critical — at  least  for  ac¬ 
curate  estimates  of  dispersion. 

In  any  event,  this  illustrates  PERT  and  just  how  it  might  be  applied  to  the  problem  of  estimating 
costs,  or  times  to  perform  certain  tasks,  amount  of  effort  to  be  expended,  etc.  We  emphasize, 
nevertheless,  that  PERT  is,  or  may  be,  very  subjective,  and  the  user  should  proceed  with  such  caution. 
PERT  does,  . however,  provide  a  very  quick  method  of  estimating  means  and  dispersions  of  probable 
costs. 

What  are  the  limitations  of  PERT?  On  a  statistical  basis,  this  has  been  studied  by  Grubbs  (Ref.  5). 
In  this  connection,  he  shows  by  equating  moments  that  the  possible  number  of  different  beta  distribu¬ 
tions  which  are  implied  is  very  limited.  In  fact,  the  shape  parameters  are  limited  to  three  cases: 

P  =  2  +  y/T=  3.41  q  ~  2  —  y/T-  0.59 

p  =  2  -  s/T=  0.59  q  =  2  +  v/7  =  3.41 

and 

p  -  3  ,  q  ~  3 

That  is  to  say,  the  number  of  possible  beta  distributions  is  limited  to  three  “fat”  and  “flat”  shapes, 
aside  from  the  endpoints.  Of  course,  weights  other  than  the  values  involving  the  factor  6  in  the 
denominators  of  Eqs.  36-16  and  36-17  could  be  used.  Such  changes  would  alter  the  possible  shapes  a 
bit,  but  this  problem  may  well  i-equire  some  further  detailed  study  if  additional  advances  are  to  be 
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made  in  the  PERT  methodology.  To  illustrate,  for'  example,  we  note  that  the  estimate  of  the  mean 
actually  weights  the  most  likely  value  four  times  as  much  as  the  endpoints,  i.e.,  the  least  and  greatest 
values.  No  doubt,  one  may  argue  this  to  be  somewhat  proper,  although  it  is  well  known  that  in  much  of 
the  sampling  theory,  in  statistics  the  individual  observations  making  up  the  sample  mean  are  weighted 
equally.  (In  this  case,  it  is  well  to  mention  that  least  and  greatest  values  are  hardly  ever  attained.) 
Perhaps  the1  greater  source  of  some  error  would  be  in  the  variance  or  standard  deviation.  As  we  have 
seen,  the  PERT  standard  deviation  is  ( b  -  a)/b,  whereas  we  used  3.92  instead  of  the  value  6  for 
truncation  at  the  2.3%  and  97.5%  points  of  the  distribution  in  par.  35-8.  In  contrast,  if  we  wer-  dealing 
with  a  uniform  distribution  on  the  interval  (a.b),  then  we  know  that  the  standard  deviation  must  be 
(b  -  a)/y/n  =  (b  —  a)/3.46,  and  is  nearer  our  estimate  in  par.  35-8.  The  assumption  of  the 
distribution,  perhaps  especially  for  the  variance,  is  seen  to  be  important. 

It  would  be.  beyond  the  scope  ol  this  handbook  to  give  an  account  of  the  general  analysis  of  PERT- 
type  networks.  However,  it  should  perhaps  be  mentioned  that  at  least  some  of  the  phases  of'the  life 
cycle  cost  analyses  of  weapon  systems  could  in  fact  be  characterized  by  PERT  networks  or  system  flow 
plans,  and  cost  analyses  correspondingly  made  in  a  systematic  manner.  We  should  mention  also  that 
the  Delphi  Method  (Refs.  6  and  7)  also  might  be  considered  in  connection  with  cost  estimation 
problems. 

36-4  UNIT  COSTS  FOR  DESIGN  CHANGES 

In  Chapter  35,  we  indicated  the  possibility  of  design  changes  during  development  of  a  weapon 
system.  Such  design  changes  will  alter  the  costs,  and  indeed  the  learning  curve  must  be  modified  cor¬ 
respondingly.  James  (Ref.  8)  has  carried  out  an  analytical  study  to  provide  predictive  expressions  or 
models  taking  account  of  a  perturbed  environment  due  to  design  changes.  He  proceeds  as  follows, 
assuming  initially  that  the  cost  of  the  nth  item  produced  before  a  design  change  occurs  is,  as  in  Eq.  36- 
3,  given  by 

C0(n)=A'0nfr  (36-18) 

where  >n  view  of  subsequent  notation  for  design  changes  during  production  we  define: 

C0(n)  =  cost  of  nth  produced  item  before  first  design  change  =  C„  of  Eq.  36-3 
Ka  =  cost  of  1st  produced  item  before  first  design  change  =  Ci  of  Eq.  36-3 
n  =  number  of  item — and  will  be  used  here  for  any  general  number  of  the  produced 
articles,  including  design  changes 
b  -  In  /-/In  2,  as  before,  where  L  is  the  learning  rate. 

Thus,  James  (Ref.  8)  assumes  that  production  proceeds  until  the  first  design  change  occurs,  and 
assumes  this  occurs  at  item  n  =  n,.  The  next  design  change  occurs  at  item  number  n  -  n,,  etc,,  so  that 
the  «th  design  change  is  at  n  =  n,t  with  the  subscript  i  =  1,  2,  3,  ....  r  for  r  design  changes. 

Now  if  the  first  design  change  is  made  at  item  n  «*  nt,  the  cost  of  the  (n,  4-  1  )st  produced  item  will  not 
follow  the  usual  learning  curve,  but  will  be  changed,  perhaps  abruptly.  In  fact,  at  this  stage,  it  may  be 
possible  to  reduce  or  remove  some  of  the  original  effort,  or  part  of  the  production  line,  etc.  Suppose  that 
the  original  effort  is  reduced  by  the  fractional  amount  A(  at  the  first  design  change,  then  the  new  cost  at 
this  stage,  or  discontinuity,  is  changed  to 

(1  -X,)C0(n)  -  (1  -  A^AVt*  (36-19) 

where  A*  -  fractional  reduction  of  cost  at  the  first  design  change. 

However,  to  this  reduced  cost  there  must  be  added  a  new  cost  due  to  the  first  design  change.  This 
new  cost  may  be  expressed  as  a  friction  or  percentage  of  the  cost  or  the  first  item  produced  (n  —  «t)  or 
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Ka.  Hence,  taking  account  of  both  the  reduced  and  added  costs,  we  see  that  the  new  cost  for  producing 
the  item  numbered  (a,  +  1)  and  beyond  follows  the  equation 

Ci(n  -  *,)  =  (1  -  Ai)Co(n)  +  7i C0(n  -  nv) 

(36-20) 

=  (1  "  Won*  +  yJCa(n  ~  «,)* 
where  we  define  or  use 

n  —  n,  =  number  of  items  beyonu  the  first  design  change  where  the  old  learning  curve  is 
corrected  or  changed  to  start  the  learning  process  over 
7i  =  fractional  increase  in  cost  based  on  the  first  design  cnange  as  it  affects  subsequent 
production 

Coin  -  nt)  =  new  cost  for  items  produced  after  n  =  nx  —  Kc(n  —  n,)#. 

It  is  assumed  that  learning  curve  rate  or  slope  does  not  change  as  evidenced  by  the  continued  use  of  the 
same  parameter  b.  The  as>mptote  to  the  cost  function  (Eq.  36-20)  is 

Ci(n  -  »,)  =  JT,[(1  -  A,)  +  7. ]«*•  (36-21) 

The  new  cost,  just  after  the  first  design  change,  continues  until  the  second  design  change  is  made  at 
item  number  n  =  n,.  (After  the  first  design  change,  the  number  n  of  the  item  ranges  over  n,<n<nj.) 

For  the  second  design  change,  we  proceed  in  a  manner  analogous  to  that  for  the  first  design  change 
(Ref.  8)  but  use  subscript  notation  to  designate  the  establishment  of  a  new  (third)  learning  curve,  as 
compared  to  the  second  one  of  Eq.  36-20.  Also,  we  use  new  percentage  (fractional)  cost  changes,  X,  and 
7*.  Thus,  for  items  produced  over  the  interval  given  by  nt<n£n,,  we  establish  the  new  cost  learning 
curve  for  item  numbers  exceeding  na  to  be 

Ca(n  —  nt)  —  (1  —  A*)Cj(n  —  nt)  +  7jC'i(n  r-  rj,)  (36-22) 

where  C,(n  —  n,)  is  given  by  Eq.  36-20,  and  Ct(n  —  «*)  is  calculated  from  Eq.  36-20  substituting  new 
At  and  7*  Expansion  of  Eq.  36-22  gives  actually,  in  terms  of  the  initial  quantities,  the  cost  curve  at 
the  second  design  change  as 

C,(n  -»,)-( 1  -  Aj)(l  -  \t)K0n>  +  7.(1  -  A,)Ao(n  -  n,)# 

+  7*(0  ~  A,)  +  7»]A'o(n  ~  «»)*  (36-23) 

and  hence  becomes  a  bit  involved.  In  any  event,  it  is  always  more  convenient  to  program  cost  calcula¬ 
tions  for  any  design  change  stage  1  by  using  the  recursipn  relation  (Ref.  8): 

C,(n  -  n,)  *  0  “  A, )C,_,(n + 7,C«(n  - n,) 

(36-24) 

*  (1  “  Ai)C(_,(n  -  +  yiKt.i(n  -  n,)* 


where 


A«  =  7#  =  «o  =  0  for  zero  subscripts 


K,  =  K0  n  [(1  -  A/)  +  7,]. 

/ -• 


(36-25) 


C9(n-n,)  *A',_,(n  —  «»)*• 


(36-26) 
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Otherwise,  the  general  formula  for  direct  evaluation  at  the  beginning  of  the  r?,th  unit  cost  learning 
curve  is 

Ct(n  —  rit)  ~  Aott6  n(l—  \j)  +  yifioin  —  rc,)4 

j- 1 

+  E  yj-ih'oin -nj^r  h(\-K).  (36-27) 

J  -  2  *  -  ] 

Tlte  asymptote  to  Eq,  37-22  for  the  second  design  change  incidentally  is 

C2(n  -  n2)  =  A o [ ( 1  -  X.)  +  7,]  1(1  -  A,)  +  y2\nb.  (36-28) 

Thus,  James  was  able  to  establish  the  overall  cost  learning  curve  for  the  important,  and  perhaps  very 
usual,  case  where  design  changes  are  made  from  time  to  time  in  the  production  process.  Every  time  a 
design  change  is  made,  there  occurs  an  abrupt  or  discontinuous  change  in  item  cost  at  that  particular 
stage- of  the  production  process.  In  order  to  illustrate  the  computational  process,  James  (Ref.  8)  gives 
an  example  for  two  design  changes  during  the  production  process,  the  data  in  terms  of  the  parameter 
being: 

X,  =  0.113  7,  =  0.207  rz,  =  30 

X,  =  O.ir  y2  =  0.333  na  =  70. 

He  assumes  an  80%  learning  curve,  for  which 

b  =  In0.8/ln2  =  -0.322. 

The  reader  may  verify  by  calculation  with  the  aid  of  the  given  equations  that 

1. "  For  production  up  through  the  30  items,  the  cost  learning  curve  is  (Eq.  36-18) 

C#(n)  =  K0n~03t*  ,  0<n<30. 

2.  for  production  from  the  31st  through  the  70th  item,  the  cost  learning  curve  is  (Eq.  36-20) 

Ci(n  -  30)  =  0.887  K0n~om  +  0.207 K0(n  -  30) 'om,  30<n£70. 

3.  Beyotid  production  of  the  70th  item,  where  »he  second  design  change  is  made,  the  cost  learning 
curve  becomes  (Eq.  36-23) 

C2(n  -  70)  »  0.765A>-om  +  0.179/fo(n  -  30)“om  +  0.364 fC0(n  -  70)~*m ,  n>  70. 

In  his  Fi^s.  1  and  2,  James  (Ref.  8)  plots  the  item  costs  and  learning  curves  in  terms  of  the  percent  of 
the  initial  item  cost  /£».  His  Figs.  1  and  2  are  plotted  on  linear  and  logarithmic  scales,  respectively,  and 
are  reproduced  as  Figs.  36-2  and  36-  3.  One  may  note  the  abrupt  item  cost  changes  at  the  design 
changes,  which  occur  at  the  30th  and  70th  items,  for  both  the  linear  and  logarithmic  plots. 

The  cost  analyst  must  determine  the  initial  item  cost,  the  learning  curve  rate,  and  values  of  the  X, 
and  7,.  Then,  knowing  at  what  points  in  production  there  are  design  changes,  he  will  be  able  to 
calculate  costs  accurately.  The  methodology  given  herein  may  be  particularly  suitable  for  automatic 
data  processing. 

36-5  RELIABILITY  GROWTH  AND  COST  IMPLICATIONS 

In  Part  One,  par.  21-8,  we  discusseJ  the  Weibull  failure  time  or  reliability  model,  and  pointed  out  in 
Eq.  21-146  that  the  (variable,  time-dependent)  conditional  failure  rate,  hazard  rate,  or  intensity  func¬ 
tion  is  given  by 

h(t)  -  fiXt*-'  (36-29) 
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where 

h(!)  =  intensity  or  failure  rate 

t  -  random  failure  time  of  item  on  test  ,  , 

(3  =  VVeibull  shape  parameter 
A  =  VVeibull  scale  parameter. 

Here,  we  emphasize  that  under  the  VVeibull  model  specified,  t  is  a  random  life  time  or  random  time-to- 
fail  for  a  general  item,  component,  or  system,  and  the  reliability  or  P.{tm )  at  the  mission  time  tm,  or  the 
chance  that  any  general  item  will  survive  to  at  least  the  mission  time  lm  is  given  by 

R{tm)  -  exp (36-30) 

With  this  brief  introduction  or  bacKground,  we  now  turn  to  the  analysis  problem  of  increasing  or  im¬ 
proving  reliability  of  the  system  through  design  changes,  development,  or  quality  control  procedures, 
i.e.,  the  concept  of  “reliability  growth”. 

Now  let  us  suppose  a  system  is  still  undergoing  development,  and  either  design  changes  are  made,  or 
quality  assurance  procedures  are  being  used  to  improve  the  reliability  of  the  system  as  development 
progresses.  Then,  it  has  been  noticed  (e.g.,  Duane,  Ref.  9)  that  the  failure  rate  of  the  item,  compon¬ 
ent,  or  system  will  usually  decrease  with  time.  In  particular,  if  the  total  of  the  development  test  times  is 
T,  and  \{T )  is  the  total  number  of  observed  failures  of  the  equipment  put  on  test  up  to  time  T,  then  it 
has  often  been  shown  on  a  log-log  plotting  scale  that  a  linear  relation  is  experienced,  i.e., 

ln(.V(T)/T]  =  In  A  +  ylnT  (36-31) 

where 

In  A  =  ordinate  intercept  for  In  T  --  0 
y  =  slope  of  fitted  line. 

Furthermore,  we  see  that 

jV(T)  =  yV*1  (36-32) 

from  the  logarithmically  fitted  line  of  Eq.  36-31.  Thus,  when  there  are  efforts  to  improve  system 
reliability,  then  as  the  development  test  time  T  of  the  system  increases,  it  is  found  that  the  cumulative 
failure  rate  or 

C(T)  -  N(T)/T  (36-33) 

decreases  and  can  be  expressed  analytically  by  Eq.  36-31.  Note,  in  this  connection,  that  the  slope  y  of 
the  fitted  line  on  the  log-log  plot  would  then  be  negative.  Furthermore,  once  data  on  \n[N(T)/T\  are 
.  plotted  against  In  T,  the  intercept  in  A  and  the  slope  y  may  be  estimated,  for  example,  by  least  squares 
(Ref.  10),  and  Eq.  36-31  firmly  established. 

Continuing,  we  next  see  that  the  item,  component,  or  system  instantaneous  failure  rate  r(T)  during 
development  for  a  test  time  Tin  Eqs.  36-31  or  36-32  may  be  found  by  taking  the  derivative  of  Eq.  36- 
32,  and  in  fact  is 

r(T)*-J-[m\^Hy+l)T\  (36-34) 

We  note  that  since  the  system  configuration  is  changing,  or  quality  assurance  measures  are  being 
applied  to  improve  system  reliability,  the  data  are  not  “homogeneous”  in  the  sense  of  sampling  a 
single  or  fixed  population.  Thus,  in  reliability  growth  studies  one  is  not  dealing  with,  for  example,  a 
single  Weibull  failure-time  distribution,  and  the  usual  Weibull  theory  of  Chapter  21  will  not  apply.  In 
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fact,  Crow  (Ref.  1 1 )  points  out  that  when  the  configuration  of  the  system  is  changing  during  a  develop¬ 
ment  program,  and  failures  are  governed  by  the  failure  rate  of  Eq.  36-29,  then  the  system  failure  times 
follow  a  nonhomogeneous  Poisson  process  with  Weibull  type  intensity  function  r(T)  equivalent  to  Eq. 
36-34.  Hence,  for  that  particular  stage  of  development,  Crow,  due  tc  the  nonhomogeneous  Poisson 
process  model,  suggests  equating  the  h(t)  of  Eq.  36-29  to  the  r(T)  of  Eq.  36-34,  i.e.; 

HO  «  r(T) 

or 

0X7'*-1  -  X(y  +  1)7-T  (36-35) 

showing  that  this  simply  means 

0  =  7  +  1.  (36-36) 

Hence,  at  a  development  test  time  T0  the  Weibull  failure  rate  is 

r(ro)  =  0Xr/-*  (36-37) 

and  if  no  further  system  improvements  in  reliability  are  made  after  time  To,  then  it  is  reasonable  to 
assume  that  the  failure  rate  of  the  system  would  remain  constant  at  the  value  r(T„)  of  Eq.  36-37  if 
testing  were  continued  with  that  latest  design.  In  particular,  if  the  system  were  put  into  production 
with  the  configuration  fixed  as  it  was  at  time  T0,  then  it  would  be  expected  that  the  life  distribution  of 
the  produced  systems  would  be  exponential  with  mean  time  between  failures  (MTBF)  of 

MTBF  =  A/(T0)  =  (r(To)]~‘  -  To'-9/(\0).  (36-38) 

Furthermore,  since  system  reliability  is  improving  as  the  development  goes  on,  the  MTBF  is  increasing 
and  in  view  of  Eq.  36-38  is  proportional  to  T*  ,  We  can,  therefore,  say  that  0  may  be  referred  to  as  a  ^ 
“growth  parameter”  reflecting  the  rate  at  which  the  system  reliability  is  improving,  or  equivalently  as 
the  MTBF  is  increasing  with  development.  We  note  that  since  the  MTBF  is  increasing,  and  the  scale 
and  shape  parameters  X  and  0  are  positive,  then  recessarily  0  has  to  be  less  than  unity  for  the  non¬ 
homogeneous  Poisson  type  model  considered  here. 

Although  the  scale  parameter  X  and  the  shape  parameter  0  for  the  Weibull  failure  rate  (Eq.  36-37) 
may  be  estimated  by  establishing  the  (linear  least-squares)  line  of  Eq.  36-29,  we  will  use  the  more  ef¬ 
ficient  method  of  maximum  likelihood  (ML)  estimation  by  Crpw  (Ref.  li).  We  consider  a  system 
development  program  that  proceeds  in  stages  km  1,  2,  ...,  n  and  where  we  test  the  equipment  at  these 
stages  to  determine  the  failure  times.  It  is  expected  that  since  the  equipment  is  undergoing  “reliability 
growth”,  the  (total)  cumulative  test  times  to  any  failure,  T„  T*  .....  Tt, ....  T«  are  increasing,  as  are  the 
mean  times  between  failures,  or  T,  -  T,_s,  for  all  i  »  2,  3,  ...  .  These  “development”  test  times  at 
the  stages  of  testing  are  used  by  Crow  (Refs.  1 1  and  12)  to  determine  maximum  likelihood  estimates  of 
the  parameters  0  and  X  which  are 

0  -  n/[  E'ln(7 V7-,)l  (36-39) 

t-i 

and 

X  -  n/Tj.  (36-40) 

The  reader  may  note  that  the  estimates— Eq.  36-39  for  the  shape  parameter  and  Eq.  36-40  for  the  scale 
parameter— are  equivalent  to  those  of  Eqi.  21  -185  and  21-186,  where  X  -  1/3*,  and  8  is  the  so-called 
characteristic  life.  The  estimates  of  the  shape  and  scale  parameters  of  Eqs.  36-39  and  36-40  are  based 
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on  a  “fixed  number  of  failures”  truncation,  or  Type  II  censoring.  For  time  truncation  estimates  and 
multiple  tests  of  items,  see  Crow  (Ref.  12 1. 

The  ML  estimate  of  the  MTBF  at  the  last  test  time  T„  is  from  Eq.  36-38  given  by 

AI(Tn)  =  =  Tn/(n@).  (36-41) 

Moreover  for  the  item,  component,  or  system,  the  ML  reliability  estimate  for  any  random  time  t  is  then 

R(Tn,t)  =  exp  (-Vft/Tj-*)  =  exp(-«^/r„).  (36-42) 

Crow  (Ref.  12)  gives  confidence  bounds  on  the  true  unknown  MTBF  forthe  system  configuration  at 
the  last  development  test  time  Tn,  or  that  is  for  the  parameter 

M(Tn)  =  Tn'-e/m-  (36-43) 

These  confidence  bounds  are  based  on  the  estimate  of  MTBF  or  Af(T„)  given  in  Eq.  36-41.  Thus,  if  a 
and  (1  —  a)  (for  0  <  a  <  0.5)  are  respectively  the  lower  and  upper  probability  levels,  then  one  can  make 
the  following  confidence  statement: 

Pr{uaM(Tn)  £  .V/(7'„)  <,  ux.aXt{Tn) }  =  1  -  2a  • 

or 

Pr\TnuJ{n&)  <.  M(Tn)  <  THut.a/(n8)\  =  1-2 a  (36-44) 

where  probability  levels  ua  and  ut„a  are  found  in  Table  36-2.  For  example,  suppose  we  want  95%  con¬ 
fidence  limits  on  the  true  MTBF  and  there  were  n  -  10  test  times,  the  last  one  being  Xi„,  and  we  deter¬ 
mine  0  from  tq.  36-39.  Then  we  can  make  the  confidence  statement  (at  T„ )  that 

/VjO.SlTn^/dOiS)  £  MTBF  £  3.2867'(t/(10/8)}  =  095. 

Furthermore,  it  follows  that  if  at  that  stage  the  item  or  system  exhibits  an  exponential  failure-time 
distribution,  or  constant  failure  rate,  then  the  confidence  bounds  on  the  true  unknown  reliability  at  Tn 
are  found  from 

Pr{exp[-n&tm/(THu„))  <,  exp|-/„,T(7n)]  <,  exp[ -nbt*f(T*ux.m)]\  =  1  -  2a  (36-45) 
where  tm  m  unit  or  system  specified  mission  time  for  service  use  after  the  last  development  test. 

This  account  of  the  current  state  of  the  art  for  reliability  growth  modeling  gives  the  needed  theory  for 
estimating  system  reliability  at  various  stages  of  the  development  process.  However,  just  what  can  be 
said  about  the  cost  of  improving  reliability  insofar  as  the  problem  of  the  life  cycle  cost  estimation  of  a 
system  is  concerned?  Apparently,  so  far  very  little  has  been  accomplished  on  establishing  cost  models 
to  predict  this  particular  part  of  the  overall  system  cost,  and  hence  this  area  will  deserve  some  research 
in  the  future.  Perhaps,  nevertheless,  there  are  some  guesses  that  can  be  made  in  order  to  pound  out  this 
part  of  the  subject  insofar  as  the  total  analyses  of  weapon  system  costs  are  involved.  In  fact,  we  can 
rather  easily  see  that  military  systems  will  have  to  achieve  suitably  high  reliability,  for  otherwise  they 
will  risk  casualitie^  or  result  in  defeat  of  our  forces,  cause  inefficiency,  and  bring  about  loss  of  con¬ 
fidence  in  the  equipment.  In  this  connection,  the  reliabilities  we  are  interested  in  will  most  surely  be  at 
least  90%  or  higher.  Moreover,  the  cost  of  prbducing  systems  which  have,  say,  95%  reliability  may  be 
much  higher  than  the  cost  for  a  design  of  about  90%  reliability.  When  there  exists  the  need  to  produce 
and  field  systems  with  reliabilities  of  99%,  99.9%,  or  even  higher,  it  is  easy  to  see  that  costs  will  go  up  at 
perhaps  an  exponential  rate,  or  be  ‘astronomical  ”  indeed.  As  a  guess  therefore,  we  might  consider  the 
possible  use  of  a  cost  model  of  the  type  that  follows  insofar  as  increasing  system  reliability  is  concerned. 
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TABLE  36-2  PERCENTAGE  POINTS  «„  SUCH  THAT 

Pr|.\/(Tn )/.!/( 7.)  <  Ba)|  =  « 


0.005 

.  0.010 

0  025 

0  050 

0  100 

0.900 

0  950 

- - 

0.9^ 

. 

0.990 

0.995 

2 

0.23'K 

0.2944 

O  4090 

0  5552 

0  8065 

3376 

"2.6" 

151.5 

389  9 

"88  6 

3 

0  262" 

0. 3119 

O  4054 

0  51.37 

0  6840 

8.927 

14  24 

21.96 

3"  60 

5t  “»2 

4 

0  2902 

0  3368 

0.4225 

0  5|  "4 

0.6601 

5.328 

7,651 

10  65 

15.96 

21.31 

5 

0.3151 

0  3603 

0  441.7 

0.5290 

0  6568 

4.000 

5.424 

"14" 

9  995 

12.68 

6 

0.3372 

0  3815 

0  4595 

0.5421 

0  6600 

3  321 

4.339 

3.52! 

"388 

9  0T6 

7 

0.3569 

0.4003 

0  4  "60 

0. 3348 

0.6656 

2.910 

3.702 

4.595 

5.963 

7  162 

8 

0  3 "’46 

0 .4173 

0.4910 

0.5668 

0.6720 

2.634 

3  284 

4.002 

5.0"4 

5.99.3 

9 

0.3906 

0.432" 

II.;I46 

0.5780 

0.6737 

2.436 

2.989 

3.589 

4  469 

5.211 

10 

0.4052 

0  446" 

0  51  "1 

0.588.3  , 

0.6832 

2.287 

2.770 

3  286 

4  0.32  . 

4.652 

1 1 

0.4185 

0  4V>5 

0.5283 

0  5979 

0.6915 

2.170 

2  600 

.3.054 

3.702 

4.233 

12 

0  4308 

0.4’12 

0  3391 

0  6067 

06975 

2.076 

2.464 

2.870 

3  443 

3.909 

13 

0,4422 

0  4821 

0  5488 

0.6150 

0.703.3 

1998 

2  353 

2.^21 

3.235 

3  650 

14 

0.45.8 

0.4923 

0  53"9 

0622"’ 

07087 

1.933 

2.260 

2.597 

3  064 

3  438 

13 

0.4627 

0.5017 

0  5664 

0.6299 

0.7139 

1  877 

2.182 

2.493 

2  921 

3.262 

16 

0.47|9 

0  5106 

0  5'43 

0  6.367 

07188 

1.829 

2  114 

2.404 

•  2. 81X1 

.3.11.3 

17 

0  4807 

0.5189 

0  5818 

06431 

07234 

1788 

2.056 

2.32" 

2.695 

2.985 

18 

0  4889 

0.5267 

0  5888 

0  6*91 

0.7278 

1.751 

2.004 

2  259 

2.604 

2.874 

19 

0  4967 

0.5.341 

0.5954 

06547 

07320 

1.718 

1:959 

2.200 

2.524 

2.7"7 

20 

0.5040 

0  5t|| 

0  6016 

0.6601 

0.7360 

1.688 

1.918 

2.147 

2.453 

2  691 

21 

0  5110 

0.3478 

0.6076 

0  6652 

0.7398 

1  662 

1  881 

2.099 

2.390 

2  614 

a 

0.5177  , 

0.5541 

0  6132 

0.6701 

07434 

1.638 

1  848 

2.056 

2  333 

2.546 

23 

0.5240 

0  5601 

06186 

0  6747 

0  7469 

1.616 

1  818 

2017 

2:281 

2.484 

24 

0.5.301 

0. 5659 

0  6237 

0.6791 

0.7502 

1  596 

,1  790 

1.982 

2.235 

2.428 

25 

0.5.359 

0.5714 

0  6286 

0  6833 

0.7554 

1.378 

1.765 

1.949 

2.192 

2.377 

26 

0.3415 

0.5766 

0  6333 

0  6873 

0.7S65 

1.561 

1  742 

1  919 

2  153 

2.330 

27 

0.5468 

0.5817 

0  6.378 

0.6912 

0.7394 

1.545 

1.720 

1.892 

2.116 

2.287 

28 

0.5519 

0.5865 

0  6421 

0  6949 

0.7622 

1.530 

1.700 

1  866 

2.08.3 

2.247. 

29 

0.5568 

0.3912 

0  6462 

0.6985 

07649 

1.516 

1.682 

1  842 

2.052 

2.211 

30 

0  5(16 

0.5957 

06302 

0.7019 

0.7676 

1.504 

1.664 

1  820 

2.023 

2.176 

33 

0  5829 

0  6158 

0  6681 

07173 

0.7794 

1.450 

1.592 

1.729 

1.905 

2.036 

40 

0  6010 

0  6328 

0.6832 

0.7303 

0.7894 

1. 410 

1.538 

1.660 

1.816 

1  932 

45 

0.6168 

0.6476 

0  6962 

0  7415 

0.7981 

1.378 

1  495 

1  606 

1.747 

1852 

50 

0  6305 

0.6605 

0  7076 

0.7313 

08057 

1.352 

1  460  , 

1  362 

1.692 

1.787 

60 

0.6538 

06823 

0  7267 

0.7678 

08184 

1  312 

1.407 

1  »<>6 

1.607 

1689 

70 

0.6728 

0.7000 

0  742.3 

0  7811 

0  8288 

1.282 

1  367 

1.447 

1.546 

1.618 

80 

0  6887 

0.7!  48 

07553 

0.7922 

0  8375 

1.259 

1  337 

1.409 

1  499 

1.564 

lOO 

0.7142 

0.7384 

0.7759 

0.8100 

.0.8514 

1  225 

1293 

1.353 

1.431 

l  486 

Let 

C  *  C(/?)  -  cost  of  system  for  the  level  of  reliability  R 
A  =*  constant  to  be  determined 

5  -»  constant  which  represents  the  slope  of  the  fitted  cost  line 

R  =*  value  of  system  reliability  which  must  be  achieved  for  producing  and  placing  the 
system  in  the  field. 

The  reliability  R  at  some  development  stage  may  be  estimated  from  Eq.  36-42,  for  example,  or  from 
lower  confidence  oound  on  R  based  on  Eq.  36-45.  Then,  as  a  suggestion  or  guess,  we  hint  that  one 
might  consider  predicting  the  linear  cost  relation  from 

InC -*  ln<4  +  £f!n[/?/(1  —  /?)].  (36-46) 

Thus,  for  example,  as  the  necessary  reliabilities  of  a  system  increase  from  0.90  to  0.95  or  from  0.95  to 
0.99,  or  to  0  999,  etc.,  the  ratio  R/{\  —  R)  from  Eq.  36-46  equals  9,  19,  99,  etc.,  and  the  natural 
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logarithm  of  the  ratio  becomes  2.20,  2.94,  4.60,  6.91,  etc.,  representing  a  fairly  rapid  increase. 
Moreover,  we  also  have  the  slope  B  to  work  with,  which  may  be  determined  or  appropriately  adjusted 
over  a  wide  range  of  suitable  values  for  the  fined  cost  line.  From  Eq.  36-46,  we  see  that  the  actual  cost 
of  high  reliability  at  a  stage  of  development  may  perhaps  be  estimated  therefore  by  the  fairly  robust 
model 

C  =  A[R/{  1  -  \36-47) 

These  matters  arc  recorded  here  because  they  may  represent  costs  over  and  above  notmal 
development. 


36-6  OTHER  CONSIDER/ TIONS  FOR  COST  ESTIMATION  AND  RELATED 
PROBLEMS 

As  we  have  seen  in  Chapter  )5,  and  aside  from  estimating  costs  by  means  of  the  analogy  technique 
or  the  bottoms-up  engineering  appmach.  many  of  the  methods  involve  the  statistical  regression  ap¬ 
proach.  The  problem  for  the  regression  approach  is  first  to  choose  the  proper  model;  the  model  select¬ 
ed  is  most  often  a  linear  form.  In  any  event,  the  analyst  should  endeavor  to  select  a  meaningful  model 
to  fit  to  any  existing  cost  data,  and  also  a  model  which  hopefully  will  lead  to  as  precise  a  cost  predic¬ 
tion  as  possible.  If, the  linear  regression  modei  does  not  result  in  a  good  fit,  then  a  more  meaningful 
model  should  be  found — the  analyst  always  striving  t  elect  a  final  fit  which  exhibits  small  variance  of 
residuals.  Some  of  the  background  for  military  cost  analysis  and  the  use  of  regression  techniques  to  es¬ 
timate  costs  are  given  n  Refs.  1 3  through  16.  For  a  complete  treatment  of  linear  and  urdtiple  regres¬ 
sion  procedures,  and  generalized  least  squares,  the  analyst  should  refer  to  approprim-  literature  on 
statistical  methods.  Also,  a  BRL  Report  (Ref.  10)  covers  most  of  the  ramifications  that  the  cost  analyst 
may  be  in  need  of,  as  well  as  the  various  tests  of  statistical  significance  needed  in  regression  studies, 
whether  to  estimate  costs  or  for  other  applications.  We  believe  it  to  be  beyond  the  scope  of  this 
handbook  to  cover  such  analytical  techniques  in  the  space  permitted  hen  ,  especially  since  such 
methodology  is  readily  available  in  the  military  libraries. 

Needless  to  say,  there  are  many  different  types  of  military  operations researc  h  problems  that  icquire 
the  study  of  costs  in  one  way  or  the  other.  For  example,  the  whole  field  of  cost  effectiveness  studies  may 
be  mentioned.  and  the  newer  interests  of  the  military  in  the  so-called  cost  and  operational  effectiveness 
analyses  as  well.  Thus,  p«oper  costing  of  all  types  of  systems  studied  represents  a  major  activity  of  the 
Army  systems  analysis  community,  and  the  weapon  systems  analyst  must  have  sufficient  background 
in  cost  analysis  methodology. 

The  paper  of  Wright  (Ret.  I)  seems  especially  noteworthy  for  i»s  day  or  Itime  (1936),  because  it 
covers  the  subject  of  costs  of  aircraft  in  some  detail  for  that  period.  Wright  indicates  that  the  unit  cost 
of  aircraft  structures  would  vary  from  about  $3.25  to  $6.25  per  lb,  whereas  for  the  whole  airplane 
(lightweight  metal)  the  cost  would  likely  be  between  $5.75  are!  $6.75  per  II>  iu  terms  of  1936  dollars. 
For  that  period  (1936),  he  even  compares  the  cost  of  automobiles  with  that  of  airplanes.  Wright  in¬ 
dicates  that  for  airplanes  and  automobiles  carrying  4-5  passengers,  in  terms  of  1936  dollars  the  air¬ 
plane  at  a  production  quantity  of  25  would  cost  about  $8.18  per  ib  and  at  a  production  quantity  of 
1000  the  airplane  unit  cost  per  pound  would  go  down  to  about  $3.20.  At  10,000  produced  airplanes, 
the  average  cost  pet  pound  was  estimated  by  Wright  to  oe  $1.90  per  lb,  wheieas  at  1,000,0(0  copies 
the  price  per  pound  would  have  gone  below  one  do'lar,  i.e.,  $0.95!  For  the  4-3  passenger  automobile, 
the  cost  per  pound  at  100Q  production  line  autos  would  have  been  only  $0,784,  and  at  a  million  autos 
the  cost  in  1936  dollars  would  have  been  an  amazing  $0,224  per  lb!  On  the  average  for  the  airplane, 
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whi<h  would  have  to  fk  .it'd  weigh  mu-  h  less,  with  its  more  expensive  c onstrui  not..  U  right  K«-t  i 
point'  out  th.it  the  i.tpo  of  airplane  to  automobile  tost  pci  pound  was  then  ahotit  4  I  I  hits. 

Wright  ativant.uteou'lv  iwd  the  concept  of  do liars  per  pound  but  k  then  and  as  well  he  promoted  d  t 
u>e  ol  tost  estimation  l>\  the  met  find  of  analog's  I  Mis  investigations,  it  would  seem,  show  the  value  ot 
k«  epint*  a  c  lo't-  tab  on  the  art  of  <<>snng  various  produet  ion  items.  accordingh .  the  Arms  would  do 
well  to  tontmue  an  appropriate  tost  data  bank  or.  all  of  its  items  undergoing  K  jk  1 ).  production  and 
logistic  studies 

There  are  mans  special  applications  also  w  here  costs  c  t.me  into  considerable  prominent  •*.  and  attain 
some! hint;  we  t  anr.ot  go  heaviK  into  here  To  mention  an  example,  however,  one  might  refer  to  the 
proftlem  ol  repair  parts  lor  military  systems.  In  this  Conner  t ion.  it  is  highly  desirable  to  have  maximum 
assn  .nice  of  toniinued  operation  of  systems  in  combat  /ones,  especially  for  anv  fixed  expenditure 
limits,  and  one  might  I  ?  interested  in  the  proper  allocation  of  repair  parts  for  the  highest  valtie  ot 
reliatulitv  that  can  he  ac hieved  for  a  given  cost.  Black  and  Prosthan  (Ref.  1  ~ )  have  made  a  study  ol  this 
type  of  problem  and  related  ones. 

36-7  SUMMARY 

As  special  technioues  in  the  costing  of  Army  items,  we  have  covered  the  learning  c  urve  in  a 
somewhat  thorough  manner  and  extended  it  to  encompass  the  probability  that  there  will  he  design 
changes  during  the  production  of  Army  systems.  Accordingly,  the  analyst  must  expect  changes  to  oc  - 
c  ur  in  learning  curves  as  development  and  production  prot  eed  Also,  we  have  introduced  the  c one ept> 
ol  PERT  sinf  e  there  ma\  Ije  some  possible  application  of  it  in  various  Army  costing  problems.  I  inaliv . 
wi  pointed  out  that  reliability  growth  may  cause  addi'ional .costs. 
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CHAPTER  37 

INTRODUCTION  TO  COST-EFFECTIVENESS  STUDIES 


An  introduction  is  given  to  the  analytical  field  of  cosheffeetiren's  <  studies  or  weapon  u  'terns .  There  are  tu  o  primary 
ways  of  conducting  cist-effectiveness  studies:  J  •  The  first  sets  a  level  ot  effectiveness  it. huh  is  neef'sury  or  desirable  to 
achieve  and  then  determines  the  relative  costs  ot  tun  or  more  competing  system*  or  alternatives.  2.  7 tie  other  allocates 
some  given,  affordable  cost  or  amount  >f  effort  for  competing  alternatives  and  the  mission  under  study,  and  then  deter¬ 
mines  which  alternative  attains  the  highest  level  of  effectiveness.  Often:  th’s  type  of  approach  to  the  analysis  of  weapon 
systems  gives  answers  which  are  rather  clear  cut  and  hence  of  direct  tn'ercsl  and  lalue  to  the  decision  maker  It  can  he 
said  that  cost-effectiveness  studies  are  more  general  than  simply  eff  ttveness  studies,  or  the  use  of  measures  of  effec¬ 
tiveness  i  AfOEs ).  since  they  treat  and  analyze  hath  the  costs  and  the.  effectueness  factors. 

Two  simple  examples  are  given  to  illustrate  applications  of  cost-effectiveness  tytie  studies,  and  this  should  give  the 
analyst  a  beginning  toward  more  inclusive  investigations. 

37-0  LIST  OF  SYMBOLS 

A  =  area  of  illumination  of  at  least  one  footcandle 
BA  =  burst  altitude  of  round  to  initiate  flare,  ft 
BT  =  burning  time  of  flare,  s 
c  -  constant 

E  -  level  of  illumination,  footcandles 

F(n)  =  expected  fraction  of  the  enemy  force  that  becomes  casualties  for  n  rounds  fired 
H  —  altitude  of  flare,  ft 
/  -  intensity  of  flare,  candles 
IR  -  required  intensity  of  flare  fight,  candles 
n  =  number  of  rounds,  or  in  some  cas-s  battery  vHlevs 
Rr  -  target  radius 
I'A  =  unit  area  of  interest,  ft1  , 

=  parameter  of  a  kill  function  for  the  range  direction,  similar  to  a  standard  deviation 
(see  Chapter  20  also) 

<r*r  =  parameter  of  a  kill  function  for  the  deflection  direction,  similar  to  a  standard 
deviation  (see  Chapter  20  also) 

a,  —  round-to-round  standard  deviation  in  the  rarge  direction  (used  in  this  chapter  also 
to  involve  increased  dispersion  due  to  artificial  aiming  of  rounds) 
qy  *  round-to-round  standard  deviation  in  the  deflection  direction  (used  in 'his  chapter 
also  to  involve  increased  dispersion  due  to  artificial  aiming  of  rounds ) 

9P  =  standard  e  ror  of  the  aim  error  of  C  of  I  in  the  range  direction 
a,  =  standard  error  of  the  C  and  I  or  aim  error  in  the  deflection  direction 

37-1  INTRODUCTION 

The  various  evaluation  models  and  many  different  measures  of  effectiveness  of  weapon  systems  were 
covered  in  previous  chapters,  and  the  treatment  of  costs  was  discussed  in  Chapters  34,  35,  and  36. 
Logically  then,  this  brings  us  to  the  idea  of  cost-effectiveness  studies  of  weapon  systems.  Such  studies 
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relate  to  the  relative  effectiveness  of  competing  weapons  or  weapon  systems  for  some  given  cost  or 
allowable  amount  of  funds  available,  or  the  cost-effectiveness  studies  may  otherwise  revolve  around  the 
determination  of  the  relative  costs  of  two  or  more  competing  systems  for  some  specified  level  of  effec¬ 
tiveness  against  targets.  If  we  were  to  study  a  family  of  rockets  and  guided  missiles  as  a  possible 
replacement  for  an  existing  family  of  artillery  weapons,  for  example,  then  the  cost  and  effectiveness 
study  should  be  made  from  either  of  these  two  viewpoints.  Moreover,  in  the  study  of  costs,  it  seems 
clear  that  life  cycle  cos.s  for  both  systems  must  be  compared  for  equal  values  of  effectiveness,  or  the  ef¬ 
fectiveness  determined  for  equal  life  cycle  costs.  (The  latter  may  often  be  the  most  difficult  to  do.)  One 
sees  easily  that  for  the  newer  rockets  and  guided  missiles,  there  might  be  somewhat  more  of  a  proble  m 
of  determining  accurate  life  cycle  costs.  In  fact  the  problem  may  be  somewhat  like,  or  at  least  as  dif¬ 
ficult  as,  that  of  the  UTTAS  system  referred  to  in  Chapter  35.  The  new  inventory  item  one  propo'es  to 
introduce  into  any  existing  weapon  family  may  involve  some  soecial  or  unique  effort  in  developing  ac¬ 
curate  costs.  The  reader  should  realize  that  many  highdevel  systems  analyses  tor  current  development 
programs  could  be  very  voluminous,  take  many  months  of  preparation  on  the  part  of  the  analysts  per¬ 
forming  the  study,  and  ordinarily  would  involve  a  rather  high  level  of  security  classification.  Therefore, 
we  w  ill  go  into  a  somewhat  simplified  version  of  a  cost-efTectiveness  study  here  in  order  to  give  the 
analyst  an  idea  of  the  problem  of  performing  effectiveness  studies  along  with  simple  cost  estimation 
techniques.  In  fact,  since  the  basic  principles  for  costing  the  life  cycle  of  army  weapon  systems  were 
discussed  in  Chapter  35,  we  may  indicate  in  this  chapter  the  principle  more  or  less,  but  for  a  very  sim¬ 
ple,  yet  illustrative,  case.  Based  or.  this,  the  analyst  should  be  able  to  proceed  to  the  analysis  ol  more 
complex  cost-effective  cases. 

It  might  well  be  said  that  a  cost-efTectivenes  study  should  define  and  attack  the  overall  problem  in 
terms  of  an  objective  or  a  number  of  objectives.  Moreover,  there  must  be  alternative  means,  or  alter¬ 
native  weapons  or  systems,  by  which  the  objective  may  be  accomplished  or  at  least  there  could  be  dif¬ 
ferent  strategies  that  one  is  interested  in  comparing.  Then  the  costs  of  the  alternatives  should  be  deter¬ 
mined  for  each  of  the  competing  warheads,  weapons,  strategies,  etc.  These  costs,  or  estimated  value  or 
uses  of  resources,  form  the  basis  of  one  of  the  prime  tools  in  the  cost-effectiveness  evaluation.  Continu¬ 
ing.  one  sees  also  that  it  is  necessary  to  develop  a  model — i.e.,  a  mathematical  model  or  a  computerized 
model,  for  example — which  describes  and  sets  the  relationships  among  the  objectives,  the  a. lernative 
means  of  possibly  achieving  them,  the  environment  of  conflict  with  its  probable  effects  on  mission  ac¬ 
complishment,  and  finally  the  costs  or  resources  for  the  alternatives.  In  order  to  make  the  selection  of 
the  best  alternative,  it  then  becomes  necessary  for  the  analyst  ;o  choose  the  criterion — and  hopefully 
the  best  one — which  leads  to  the  superior  alternative  This  criterion  should  relate  the  objectives  and 
costs  ir  an  effective  and  useful  way,  for  example,  by  setting  the  stage  for  maximizing  the  achievement 
of  the  objective  or  objectives  for  some  fixed  budget  determined  in  a  relevant  manner  for  the  problem  at 
hand. 

As  an  introduction  to  the  general  ideas  of  a  cost-effectiveness  study,  we  will  first  set  up  a  problem, 
the  aim  of  which  is  to  select  the  better  of  two  possible  alternative  projectiles  for  an  artillery  weapon. 
Next  we  will  consider  a  rather  special  and  often  isolated  type  of  tost-efferti-cness  study  relating  to  the 
choice  of  flares  to  illuminate  targets. 

37-2  COST- EFFECTIVENESS  COMPARISON  OF  TWO  TYPES  OF 
1 55-ram  PKOJECULES 
37-2.1  BACKGROUND  DATA 

In  order  to  illustrate  the  concept  of  a  simple  cost-effectiveness  type  study,  let  us  recall  that  the 
“standard  155  mm”  bowitrer  projectile  is  a  high  explosive  projectile  primarily  for  antipersonnel  fire. 
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Now  consider  that  a  proposal  to  increase  the  lethality  of  artillery  projet  tiles  might  consist  of  loading  a 
special  type  of  projectile  with  submissiles  or  grenades,  whirh  will  lie  dispersed  on  the  downward  slope 
of  the  trajectory  to  spread  ove'  a  fairly  wide  area  on  the  ground,  and  lienee  attac  k  more  encmv  ground 
troops  should  they  be  present.  For  an  assumption  on  the  range  of  engagement  of  1  ff-mm  tire,  let  us 
postulate  that  it  is  expected  enemy  personnel  targets  will  most  likely  be  attacked  at  abopt  1 1.000  m: 
and  that  charge  7  ordinarily  will  be  used  for  such  firing. 

For  the  standard  FIE  projectile.  the  round-to-round  standard  deviation  in  range  for  11.000  m  is 
about  45  m.  and  the  round-to-round  standard  deviation  in  deflection  is  only  about  0  m  *  The  expected 
error  in  placing  the  center  of  impact  (C  of  I  )  on  the  target  aim  point  is  about  120  m  standard  deviation 
in  range  and  43  m  in  deflection.  *  For  these  delivery  conditions,  tfie  lethal  area  of  each  projectile  against 
enemy  troops — 30%  of  w  hich  are  standing.  40%  of  which  are  kneeling,  and  30%  are  prone  or  are  under 
cover — is  about  lhlXl'm*.  although  for  the  simultaneous  delivery  of  6  rounds  fired  in  volley  by  an  ar¬ 
tillery  battery,  the  total  lethal  area  is  about  9.000  mb  1  hese  data  give  the  ba<ic  effectiveness 
parameters  of  th<f  standard  155  mm  HE  round,  and  the  know  n  cost  of  such  a  round,  properly  fused,  is 
determined  i  the  production  learning  curve  to  be  Si 70 

For  the  other  competing  1 55-mm  round,  consisting  of  multiple  grenades — which  are  ejected  at  prop¬ 
er  altitude  an  leno'ated  by  submissile  fuze  action  on  striking  the  ground — the  lethal  area  for  a  volley 
from  a  battery  as  been  calculated  to  be  about  25,000  m*  for  the  same  target,  although  the  rou  d-to- 
round  standard  deviation  in  range  is  about  172  m  and  the  round-to-rbund  standard  deviation  in  deflec¬ 
tion  is  about  25  m.  For  the  new  submissiled  projectiles,  the  delivery  standard  errors  for  the  G  of  1  are 
expected  to  be  the  same  as  for  the  155  mm  HE  projectile  although  the  cost  per  projectile  for  the  newer 
grenade-filled  projectiles  is  expected  from  cost  estimation  relation  (GER)  studies  to  be  $300.  Nor¬ 
mally,  such  enemy  personnel  targets  have  been  found  to  occupy  an  area  of  about  140,000  mb 


37-2.2  THE  PROBLEM  AND  OBJECTIVE 

The  given  detailed  characteristics,  involving  both  performance  data  and  cost  data,  are  sufficient  to 
carry  out  a  limited  cost -effect  ivene.ss  study.  The  question  we  seek  to  answer  is  whether  the  new  projec¬ 


tile  consisting  of  submissiies  is  ‘’cl 


round  as  effective  against  personnel  targets  as  the  present  standard  rounds  To  answer  suc  h  a  question. 


our  objective  is  first  to  establish  a 
measure  of  effectiveness,  and  then 


ost-effective".  In  other  words,  for  its  cost,  is  the  new  or  proposed 


good  or  proper  model  of  evaluation  We  must  determine  a  suitable 
we  can  substitute  the  performance  and  cost  data  into  the  model  to 
determine  whether  we  should  change  over  to  production  of  the  new  type  of  155-mm  projectile  loaded 
with  submissiies 

In  order  to  answer  the  question  posed,  it  would  certainly  appear  that  a  very  suitable  method  of  com¬ 
parison  would  involve  determining  the  expected  fraction  of  a  unit  that  becomes  casualties  for  each  of 
the  two  type  of  projectiles,  and  hence  establish  the  superiority  of  one  over  the  other.  Now.  shall  this  be 
done  by  fixing  the  cost  level  at  some  value  and  finding  the  effectiveness  for  both  cases  of  interest,  or 
shall  we  determine  relative  costs  for  a  given  level  of  effectivene  s  of  a  unit,  i.e.,  say  the  30%  level  of  ex¬ 
pected  fraction  that  becomes  casualties?  Actually,  this  is  a  “low-level”  type  of  cost-effectiveness  (CE) 
study,  so  it  seems  more  natural  to  determine  the  number  of  rounds  for  each  type  of  projectile  to  give 
30%  casualties,  and  then  cost  each  type  for  comparison.  We  note  also  in  this  connection  that  the 
analyst  does  not  have  to  go  to  the  iroubie  of  estimating  life  cycle  costs  for  two  major  systems.  Rather. 


•See  Ref.  1,  for  example. 


37-3 


DARCOM-P  706-102 


both  projectiles  may  be  fired  from  existing  howitzers,  and  hence  we  may  deal  simply  with  a  cost- 
effectiveness  comparison  of  toe  two  different  projectiles,  and  nothing  more.  T  his  is  especially  trae  if 
logistic  costs  or  effort  are  about  the  same — which  we  expect  in  this  case. 

Obviously,  there  is  such  a  jumble  of  numbers  for  the  characteristics  of  the  two  projectiles  that  we 
need  a  single  measure  of  effectiveness!  Hence,  we  proceed  as  follows. 

37-2.3  AN  APPROPRIATE  SOLUTION 

As  a  pertinent  solution  to  this  “component”  CE  study,  we  will  find  the  number  of  standard  rounds 
and  the  number  of  new  rounds  necessary  to  attain  30%  enemy  casualties.  Then,  these  required  num¬ 
bers  will  be  multipled  by  the  appropriate  cost  per  round  to  determine  which  round  results  in  the  lesser 
cost. 

For  the  standard  HE  round,  the  lethality  pattern  of  the  battery  volley  (6  rounds)  is  about  twice  as 
w  ide  in  the  deflection  direction  as  in  the  range  direction.  Therefore,  using  the  notation  of  Chapter  20, 
Eq.  20-57,  with  c  =  1,  we  have 

2rcakxaky  =  2irakx(2akx)  =  9000  m* 

or 

akJ  =  26.8  m  and  <r*v  =  53.6  m.  . 

For  the  new  round  with  submissiles,  it  was  found  from  firings  that  the  pattern  was  almost  circular. 
Thus,  for  this  round  we  see  from  Eq  20-57 

2*okxaky  =•  2 ralx  -  25,000  m2 

or 

<rkx  ~  <r*y  =  63. 1  m. 

Since  the  enemy  personnel  normally  occupy  an  area  cf  about  1 40.000  m2.  we  will  take  the  tarBet  to 
be  approximately  circular  and  determine  the  target  radius  Rr  from 


x /?*  =  140,000  m* 

or 

Rr  -  21 1.1  m. 

The  expected  fracti  n  Jin)  of  the  enemy  force  that  becomes  casualties  will  be  calculated  by  Eq.  20- 
77,  for  which  we  recall  that  the  round-to-round  ballistic  dispersion  is  assumed  to  follow  the  bivariate 
normal  distribution,  and  the  enror  in  placing  the  C  of  I  of  the  rounds  on  the  target  aim  point  also 
follows  a  bivariate  normal  delivery  distribution.  The  enemy  target  elements  or  personnel  are  assumed 
to  Ire  distributed  uniformly  over  the  entire  target  area  of  140,000  m*.  We  note  that  Eq.  20-77  depends 
critically  on  the  number  of  volleys  in  this  case  (rounds  ordinarily)  that  will  be  fired.  Thus,  to  find  the 
number  of  volleys  required,  we  try  some  number  of  volleys  in  Eq.  20-77  and  change  the  n  until  we  get 
the  desired  0.30  fraction  of  casualties,  i.v., 

f(n)  *  0.30. 

Then  that  it  so  determined  gives  the  required  number  of  battery  volleys. 
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Case  I  (Standard  Round) 

Since  RT  is  large  (211.1  m),  the  analyst  decides  for  the  comparison  to  improve  target  coverage  by  in¬ 
creasing  the  round-to-round  dispersion  in  range  and  deflection  to  110  m  and  15  m,  respectively. 


ax  ~  1 10/>1/S’=  44.9  m 

<?„  =  120  m  (given) 
akx  =  26.8  m 


ffy  =  M/\/b  =  6. 1  m 

(for  volley  movement)* 

a,  =  45  m  (given) 
any  =  53.6  m 


Using  Eq.  20-77,  we  find 

j 

Case  Ii  (New  or  Proposed  Round) 

ax  =  m/s/b  =  70.2  m 

a„  =  120  m  (given) 
akx  “  63.1  m 
Rt  =  211.1  m 

By  using  Eq.  20-77,  we  calculate 


/(«)  =  /(20)  »  0.302. 


oy  =  25 10.2  m  (for  volley 


movement 


<rM  =  45  m  (given) 
o„y  -  63.1  m 


/(3)  =  0.290  and 7(4)  =  0.336. 

Hence,  only  three  volleys  of  the  submissile  rounds  are  needed  to  obtain  about  30%  enemy  casualties, 
where.'' s  for  the  standard  HE  round  about  20  would  be  necessary,  and  using  the  original  round-to- 
lound  standard  deviations  of  ax  =  45  m  and  ay  ~  6  m  does  not  help!  (Perhaps  it  might  appear  to  the 
reader  that  three  is  a  surprisingly  low  number  of  rounds  for  the  new  projectile,  but  its  lethal  area  is 
nearly  three  times  larger  than  that  of  the  standard  projectile,  and  the  increase  in  round-to-round  dis¬ 
persion  for  the  new  projectile  is  still  lost  in  the  relatively  large  aiming  error.  (For  .three  volleys,  there 
are  only  four  terms  in  Eq.  20-77,  so  that  the  results  are  easily  checked.) 

Now  for  the  relative  costs  to  achieve  30%  casualties:  ^ 

1.  Total  standard  round  cost  is  (6)(20)($17u)  *  $20,400 

2.  Total  new  proposed  round  cost  is  (6)(3)($300)  *  $5,400. 

Hence,  it  might  be  said  that  the  proposed  submissile  round  is  neatly  four  (3.78)  times  as  effective  as 
the  standard  155-mm  projectile.  Moreover,  the  saving  in  dollars  for  each  such  enemy  personnel  target 
threat  destroyed  is  $1 5,000.  Therefore,  it  would  be  concluded  that  the  new  round  would  be  very  “cost- 
effective”  indeed  and  is  recommended. 

We  emphasize  here  that,  indeed,  we  have  illustrated  a  very  simple  example  of  a  cost-effectiveness 
type  of  study,  although  the  reader  might  well  visualize  its  generalization  to  a  more  complex  study.  For 
example,  if  we  return  momentarily  to  the  concept  of  possibly  replacing  a  family  of  artillery  weapons  by 
a  family  of  rockets  and  missiles,  then  we  might  start  with  a  “division  slice”  or  a  “corps  slice”  and  the 


•The  battery  volley  of  6  rounds  gives  a  lethal  area  of  9000  m*  which  moves  randomly  as  the 
C  of  I  of  6  rounds  \ 
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amount  of  effort  in  terms  of  dollars  that  might  be  allocated  for  performance  of  the  artillery  mission  in 
expected  engagements.  Then  we  would  proceed  to  determine  the  relative  effectiveness  of  the  cannon 
type  artillery  versus  the  family  of  rockets  and  missiles  for  the  given  allocated  cost.  In  such  a  CE  study, 
one  would  lay  out  the  entire  complex  of  targets  that  would  be  attacked  in  combat,  evaluate  weapons 
against  it,  and  perhaps  even  conduct  a  computerized  war  game  of  some  kind  to  determine  relative  ef- 
tectiveness  of  the  two  types  of  competing  weapon  families. 

We  now  turn  to  a  problem  involving  a  very  different  type  of  munition,  i.e.,  an  illuminating  projectile. 
Nevertheless,  the  cost-elfectiveness  study  can  be  treated  in  much  the  same  way  as  for  the  fragmenting 
projectile  analysis  previously  covered,  except  that  we  will  illustrate  by  fixing  costs  as  a  starling  point.. 

37-3  ILLUSTRATION  OF  EFFECTIVENESS  FOR  A  FIXED  COST 

Illuminating  projectiles  are  used  to  light  up  target  a^eas  at  night,  and  hence  are  needed  to  determine 
the  type  of  target,  size,  location,  etc.,  so  that  appropriate  fire  can  be  brought  to  bear  upon  any 
threatening  enemy  units.  In  1975,  Sheldon  (Ref.  2)  performed  a  “logistic/cost-effectheness”  study  of 
flares.  His  primary  purpose  in  developing  a  model  of  cost-effectiveness  was  to  give  the  user  a  simple 
tool  which  would  translate  the  characteristics  of  pyrotechnic  illumination  into  numbers  of  flares  and 
procurement  costs,  so  that  a  technique  would  be  readily,  available  to  determine  costs  to  accomplish  a 
given  mission.  In  his  study,  Sheldon  (Ref.  2)  attempted  to  determine  how  much  light  is  necessary  to 
see  and  engage  enemy  targets,  especially  enemy  tanks  a:  night,  and  to  find  out  what  size  aiea  on  the 
ground  would  be  representative  of  a  typical  illumination  mission.  The  study  of  Sheldon  involved  the 
following  parameters: 

7  =  intensity  of  flares,  candles 
77  =  altitude  of  flare 

BA  =  burst  altitude  of  round  to  initiate  flare,  ft 
BT  -  burning  time  of  flare,  s 
E  -  level  of  illumination,  footcandles 
77?  =  required  intensity  of  flare  light,  candles 
UA  =  unit  area  of  interest,  ft’. 

He  developed  the  relationship  in  Eq.  37-1  which  gives  the  required  intensity  77?  in  terms  cf  the  unit 
area  UA  to  be  illuminated,  the  flare  altitude  77,  and  the  needed  level  of  illumination  E  to  see  a  target  of 
interest : 

77?  =  (E/H)\(UA/it)  +  77*1  candles.  (37-1) 

The  particular  target  of  interest  considered  in  *lef.  2  was  taken  to  b"  a  tank,  and  the  viewable  ranges 
were  determined  for  both  front  and  back  lighting  of  the  target.  Fig.  2  of  Ref.  2,  reproduced  here  as 
Fig.  37-1  shows  the  viewable  range  as  a  function  of  the  level  of  illumination  /T  in  footcandles.  It  is  noted 
from  Fig.  37-1  that  1  footcandle  will  allow  an  observer  to  see  and  engage  tanks  at  ranges  beyond  two 
km,  for  either  front  or  back  lighting.  Thus,  it  would  seem  that  1  footcandle  would  certainly  be  suf¬ 
ficient  for  our  illustrative  purposes  of  evaluation  here,  i.e.,  the  illumination  of  a  troop  concentration. 

The  study.  Ref.  2,  showed  that  dispersion  in  height  of  burst  to  release  the  flare  had  very  little  effect 
on  viewable  range,  although  the  target  area  it  was  desired  to  illuminate,  i.e.,  5  krr*\  was  so  large  that 
the  delivery  errors  of  mortars  or  artillery  would  have  no  effect  on  the  evaluation  and  were  therefore  of 
inconsequential  interest.  In  order  to  formulate  for  illustration  a  relative  effectiveness  evaluation  for  a 
given  fixed  cost,  we  will  approach  the  problem  somewhat  differently  here  than  in  Ref.  2. 
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Figure  37-1.  Viewable  Range  for  a  Tank  (Side-on  to  the  Observer)  vs  Available  Illumination 
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The  current  155  mm  illuminating  projectiles — M485.  M485E1,  and  M485A2 — have  an  intensity  of 
about  "00.000  candies,  whereas  an  improved  155  mm  illuminating  projectile  NR109  possesses  an  in¬ 
tensity  of  2.200.000  candles.  I  ne  area  .4  in  square  meters  on  the  ground  for  proper  fuzing  altitude  and 
at  least  1  footcandle  of  illumination  may  be  determined  from  Eq.  3f-2  (Ref.  2): 

A  =  1 .21/ E.  ft*  *  0.11148  I/'E,  m*.  (37-2) 

Hence,  the  standard  round  will  illuminate  an  area  on  the  ground,  to  at  least  1  footcandle,  equal  to 

A  =  O'.11148(7OO,0OO)  =  78,039  m*. 

Likewise,  the  area  illuminated  to  at  least  one  footcandle  bv  the  NR  109  155-min  round  will  be 

A  =  0.11148(2,200,000)  =  245,264  m*. 


Since  Sheldon  (Ref.  2). has  shown  that  the  155  mm  NR  109  round  is  cost-effective  for  an  area  of 
rather  large  size,  i.e.,  about  2240  m  on  a  side,  then  let  us  rephrase  the  problem  for  a  “target’’  radius 
somewhat  larger  than  the  2111  m  used  in  the  previous  fragmenting  projectile  example.  Thus,  a  new 
target  of  radius  300  m  w  hich  we  would  consider  illuminating,  to  at  least  1  footcandle,  would  include 
the  one  of  21 1 . 1  m.  and  the  total  area  of  the  new  “target”  is  282,743  m*.  Certainly,  the  actual  target  of 
radius  211.1  m  we  desire  to  neutralize  with  fragmenting  projectiles  would  be  found  if  the  larger  area 
were  illuminated  to  at  least  1  footcandle  everywhere. 

For  round-to-round  delivery  errors,  we  might  expect  that  orce  the  fuze  functions  and  the  flare  and 
parachute  are,  ejected  from  the  projet  tile,  then  the  flares  would  disperse  over  a  wider  area  than  projec¬ 
tiles  hitting  the  ground.  Thus,  we  might  take  <fx  *  60  m  and  ay  »  20  m. 

For  the  aiming  errors,  we  may  as  well  use  the  same  values  as  for  the  high  explosive  projectiles  in  par. 
37-2. 

Finally,  concerning  costs  of  rounds,  Sheldon  (Ref.  2)  puts  the  cost  of  the  155  mm  M485  series  il¬ 
luminating  round  at  Slu6,  and  that  of  the  NR  109  at  Si  15.  In  this  connection,  let  us  suppose  that  the 
cost  of  the  NR109  round  were  even  A  higher  than  the  stated  $115  cost,  i.e.,  $153.33  and  that  the 
budget  to  find  the  target  is  $1060  In  other  words,  we  could  fire  1060/106  *  10  rounds  for  the  N1485 
series  illuminating  projectile  and  1060/1 53.33  *  6.91  or  7  of  the  NR109  illuminating  projectile.  With 
the  fixed  cos?  cf  $1060  and  the  increased  cost  of  the  NR109  illuminating  round,  we  want  to  determine 
whether  it  is  still  “cost-effective”. 

,  The  NR  109  round  burns  for  69  s  and  the  M485  bums  for  153  s.  For  this  illustration  of  relative  rife;  - 
tiveness  for  equivalent  costs,  we  are  assuming  that  69  s  burning  time  i«  sufficient  to  locate  ihe  tank 
target. 

Our  procedure  will  be  that  of  determining  the  expected  fraction  of  a  "target”  of  radius  300  rn  which 
will  be  illuminated  to  at  'east  1  footcandle  by  JO  of  the  M485  type  rounds,  as  compared  to  that  of  only 
7  of  the  NR  109  rounds.  Clearly,  moreover,  for  this  case  involving  delivery  errors,  we  may  think  of  the 
problem  also  as  a  “target  coverage”  study  and  use  Eq.  20-77,  i.e.,  the  same  as  for  the  first  example 
(par.  37-2)  of  this  chapter.  To  summarize,  we  have  the  following  basic  data; 


n  3  10 
ax  *■ 60  in 


90  * I 20  m  9,  *  45  in 

*  v78,039/(2»)  ■  1 1 5.5  m 


Rr  »  300  m 


37-8 
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\R109  Round 


_  _  ~7 

n  —  / 
ox  =  60  m 
oM  =  120  m 

oix  —  ok  y  =  v^245,264/(2t)  =  197.6  m 
'  Rt  —  300  m. 

Then  using  these  data  and  Eq.  20-77,  we  and  for  the  M485  type  round  that 

/(10)  =  0.669 

and  for  the  XR 109  illuminating  projectile 

/(7)  =  0.938. 

Hence,  to  summarize,  the  *0  standard  155  mm  illuminating  rounds  would  provide  sufficient  light  to 
cov^r  66.9' o  of  the  extended  “target”  oi  radius  300  in  whereas  only  7  of  the  newer  .\R109  rounds, 
provided  at  *r»  equivalent  cost  of  $1060,  would  still  g;ve  sufficient  light  to  expose  93  8%  of  the  extended 
target.  Thus,  in  addition  to  agreeing  with  Sheldon  (Ref.  2),  we  find  using  a  different  approach-  - 
namely,  that  of  treating  the  problem  as  a  target  coverage  one — that  the  newer  NR  109  illuminating 
projectile  is  still  very  “cost-effective”  indeed. 

It.  summary,  pars.  37-2  and  37-3  give  two  different  approaches  to  the  problem  of  integrating  costs 
and  effort  iveness  in  an  operations  research  type  study.  Both  provide  rather  clearcut  answers  to  the 
questions  that  were  raised,  and  hence  provide  the  analyst  with  very  useful  tools  in  his  analyses.  Es¬ 
pecially  do  they  seem  to  give  the  manager  the  concrete  type  of  information  he  is  interested  in  or  is  ac¬ 
tually  seeking. 

37-4  SOME  FURTHER  CONSIDERATIONS  ON  COST-EFFECTIVENESS 

As  an  elementary  introduction  to  cost -effectiveness  in  this  chapter,  we  have  aimed  to  outline  by  ex¬ 
ample  the  approach  to  determining  costs  of  competing  alternatives  for  a  fixed  level  of  effectiveness,  and 
the  relative  effectiveness  for  a  given  fnted  tost  of  alternative  or  competing  systems.  Our  “systems”  were 
merely  components  of  artillery  cannon  or  gn.  i  delivery  means  to  illustrate  the  general  idea.  In  the  fi  ;t 
illustration,  we  considered  the  problem  of  whether  it  might  be  desirable  to  “break  up  the  payload”  oy 
dividing  it  into  smalle.-  "packages”  in  the  way  of  subirtssiie  or  grenades  and  scatter  them  over  an  area 
ot  the  battlefield  for  improvement  in  effectiveness,  especially  as  compared  to  the  single  warhead  or 
fragmenting  projectile  of  die  artillery  weapon.  Moreover,  .he  analyst,  noting  that  the  target  was 
possibly  a  bit  large,  decided  to  improve  target  coverage  by  scattering  the  rounds  from  a  battery  so  as  to 
increase  the  round-to-round  dispersion  somewhat.  However,  this  did  not  appear  to  payoff,  Also  a  very 
concrete  judgement  on  a  particular  engineering  ->rinciple  was  evaluated  through  means  of  a  cost- 
effectiveness  approach. 

In  the  second  illustration,  we  concentrated  on  hypothesizing  a  fixed  cost  to  be  allocated  for  detecting 
targets  at  night,  and  even  increased  the  cost  of  one  of  , the  alternatives  to  see  if  the  improved  il¬ 
luminating  projectile  was  ?»i»l  cost-effective  when  delivery  errors  and  smaller  target  areas  were  in¬ 
volved  in  the  analysis.  In  other  words,  we  did  somewhat  of  a  “sensitivity  analysis”  which  backed  up 
another  study  approach.  Again,  a  particular  and  important  engineering  *ype  of  question  was  answered 


oy  —  20  m 
On  =  45  m 
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through  the  use  of  a  cost-effectiveness  analysis.  Thus,  the  advantages  of  employing  the  <o>t- 
effectiveness  approach  over  and  above  the  regular  effectiveness  type  of  analysis  are  evident  because  it 
tan  be  seen  th  it  costs  of  weapon  systems  arc  clearly  of  major  importance 

The  reader  will  see  rather  easily  that  we  have  only  introduced  the  idea  of  applying  the  general  prin¬ 
ciples  of  cost  and  effectiveness  analyses.  Nevertheless,  the  Army  literature  on  the  subject  of  cost- 
effectiveness  analyses  is  very  extensive  and  represents  an  area  of  much  continuing  interest  to  the 
analyst.  Like  many  other  topics,  it  might  be  said  that  cost-eftectiveness  studies  were  always  of  much 
value  and  importance,  especially  since  part  of  the  weapon  systems  planning  game  involves  costing 
Our  President  and  the  Congress  use  cost  analyses  to  assist  in  reacbmu  decisions  whether  ot  not  to 
proceed  with  major  weapon  systems.  Because  of  the  probability  ' .  .  ;  H  budgets,  practically  all 

systems  have  to  be  “cost-effective”  or  they  otherwise  cannot  be  dev  i  and  produced 

In  recent  years,  the  approach  has  been  somewhat  away  from  the  us«  .  cost-effectiveness  analysis, 
perhaps  to  some  extent  because  some  individuals  have  criticized  the  activity  as  being  too  much  orient¬ 
ed  in  the  engineering  direction!  Also,  there  has  been  more  and  more  emph.  jn  the  fly  before  buy" 
principle,  so  that  “operational”  type  testing  has  apoealed  to  a  wide  segment  of  the  Army  operations 
analysis  community.  In  fact,  we  hear  more  and  more  of  the  importance  of  performing  “cost  and 
operational  effectiveness  analyses”,  implying  a  more  pertinent  and  general  type  of  useful  analytical 
“pastime",  in  many  cases,  it  becomes  very  difficult  to  distinguish  a  cost  and  operational  effectiveness 
analysis  (COEA)  from  a  cost-effectiveness  analysis,  and  in  any  event  a  good  overall  pertinent  analysis 
that  answers  important  questions  is  still  a  good  and  useful  analytical  “pastime”  COEA  V  are  covered 
in  Chapters  45  and  46. 

Due  to  the  nature  of  the  cost-effectiveness  analyses,  however,  we  should  bring  out  here  a  few  ad¬ 
ditional  comments  on  references  of  possible  interest  to  the  reader.  The  Research  Analysis  (Corporation 
published  a  primer  on  cost-effectiveness  in  1967,  apparently  thinking  of  its  ubiquitous  applications 
and  to  inform  the  layman,  so  to  speak,  this  being  in  Ref.  3  by  Sutherland.  Visco  (Ref.  4)  discusses  the 
beg  nning  of  cost-effectiveness  analysis.  A»  one  of  the  early  Army  Operations  Research  Symposia 
(1965),  a  Deputy  Assistant  Secretary  of  Defense,  Dr.  Alain  Enthoven,  (Ref.  5)  gave  a  discussion  of 
.cost-effect iveness  analyses  of  Army  divisions  >n  the  keynote  speech.  He  pointed  out,  among  other  im¬ 
portant  considerations,  that  the  analysts  cannot  make  a  useful  calculation  for  all  of  the  factors  that 
may  come  into  prominence  in  a  cost -effectiveness  analysis,  and  that  judgements  will  have  to  be  made 
on  some  of  the  key  factors.  Hopefully,  the  decision  maker  and  the  study  team  can  woik  out  and  resolve 
possible  disagreements,  so  that  the  best  solution  to  cost-effectiveness  type  problems  may  be  reached. 

A  theory  of  cost-effectiveness  for  military  systems  analysis  has  been  published  by  Fox  (Ref.  6). 
Schlenk-r  (Ref  7)  has  studied  the  foundations  of  a  cost-effectiveness  methodology  for  weapons,  and 
the  idea  of  using  dynamic  programming  approaches  to  cost-effectiveness  studies  is  discussed  by  Sacco 
and  Schlegel  (Ref.  8).  Bar  foot  (Ref.  9)  initiated  work  on  a  preliminary  cost-effectiveness  handbook  io 
1963,  and  Quade  (Ref.  10)  had  indicated  some  limitations  of  the  cost-effectiveness  approach  to  the 
problem  of  military  decision-making.  Ref.  II  is  a  fairly  extensive  bibliography  on  cost-cffc' tivrnesS 
type  studies  in  the  Department  of  Defense. 

A  partial  bibliography  of  references  which  the  Army  weapons  systems  analyst  might  have  some  in¬ 
terest  in  is  included  in  this  chapter  for  possible  further  study. 

37-5  SUMMARY 

VVe  have  introduced  the  idea  of  cost-effectiveness  stuJies  to  evaluate  problems  in  the  analysis  of 
weapon  systems.  An  advantage  of  such  studies  is  that  they  take  into  consideration  simultaneously  both 
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the  effectiveness  and  the  cost  issues  in  an  evaluation.  Moreover,  cost-effectiveness  studies  appear  to 
give  the  decision  maker  the  very  type  of  informatfon  he  usually  seeks,  and  the  answers  are  likely  to  be 
rather  clear-cut.  The  two  primary  ways  of  conducting  cost-effcctivenss  studies  involve  either  the 
analysis  of  costs  for  competing  alternatives  when  the  level  of  effectiveness  has  been  set,  or  the  deter¬ 
mination  of  relative  effectiveness  for  alternatives  mce  the  allocated  or  affordable  cost  has  specified  for 
the  particular  mission. 
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CHAPTER  38 

SURVIVABILITY 

Sur: i vabihty  coni’ derations  fir  per sonnei.  ueafion  system s.  and  materiel  mm!  be  taken  into  account  :n  evaluating  the 
efjectti  eness  <>/  .-Irwn  capabilities  in  the  field.  The  term  “sun:: ability  "currently  ,,  taking  on  a  sonieu  hat  nett  er  conno¬ 
tation  and  n  quite  distinct  tram  the  well-established  heids  of  vulnerability  and  vulnerability  reduction.  Alter  defining 
‘sur;  uahilit ir.  a  uorkafile  and  useful  manner,  we  proceed  to  discuss  its  realm  of  possible  applications  to  an  informative 
extent  and  jmd  that  the  a  capon  systems  analyst  should  regard  the  concept  .as  an  element  of  the  systems  analysis  process. 
In  particular,  tie  foresee  'hat  quantification  and  madding  of  survivability  parameters  util  be  required  in  order  to  make 
the  mure  meaningful  and  useful  trade-offs  of  sun  liability  characteristics  it  ith  other  measures  of  effectiveness  of  weapon 
systems. 

38-1  INTRODUCTION 

The  vulnerability  of  tartlets  to  attack  has  been  under  study  for  mans  years;  in  reality,  from  the  very 
Ix'ginning  of  the  ptoblem  originally  of  determining  the  relative  effectiveness  of  weapons.,  In  fact,  it 
could  be  argued  that  the  initial  evaluations  of  weapons  involved  the  calculation  of  hit  probabilities  and 
the  estimation  of  the  conditional  chance  that  a  hit  is  a  kill,  i.e..  the  latter  taking  into  account  target 
vulnerability  considerations.  Thus,  it  was  absolutely  natural  and  necessary  that  the  vulnerability  of  all 
kinds  of  targets  to  all  types  of  weapons  be  studied  from  the  very  start.  Moreover,  the  necessity  of 
vulnerability  programs,  mostly  of  an  experimental  character,  emerged  as  a  needed  activity  to  make 
val.d  comparisons  of  weapons  for  different  roles  and  missions.  It  was  seen  very  often  over  the  years  that 
reduced  vulnerability  led  to  improved  survivability  for  personnel,  aircraft,  tanks,  and  other  combat 
systems  in  general. 

It  can  lx-  said  additionally  that  survivability  of  personnel  has  long  been  an  area  of  prime  concern  to 
the  Armed  Forces,  and  that,  for  example,  the  planning  of  medical  facilities  for  the  field  and  the 
medical  workload  always  needed  somewhat  precise  estimates  to  cope  with  all  probable  occurrences. 
Indeed,  at  one  of  the  early  Arn.y  Operations  Research  Symposia,  Laughlin,  Scoles,  and  Eyler  (Ref.  1) 
—  working  in  the  interests  of  the  l.’S  Army  Medical  Service  Combat  Developments  Agency,  Fort  Sam 
Houston,  TX  —  gave  a  paper  establishing  survival  curves  for  possible  casualties  in  a  war,  along  with 
the  various  levels  of  medical  type  treatments.  Much  less  attention*,  however,  has  been  paid  to  the  sur¬ 
vivability  of  materiel  until  recently,  and  now  such  considerations  are  being  rtgarded  as  a  ‘‘must”  in 
evaluations  of  all  kinds. 

ITie  general  term  “survivability"  is  a  relatively  recent  concept,  coming  to  the  forefront  in  the  past 
few  years,  and  there  seems  little  doubt  that  survivability  will  receive  more  and  more  attention  in  the 
weapons  planning  proc  ess  from  now  on.  Obviously,  survivability  involves  more  than  improvements 
(decreases)  in  the  vulnerability  of  weapons  or  targets  as  too  much  protection  will  clearly  result  in  some 
loss  of  mobility  for  personnel  and  weapon  systems.  Thus,  it  becomes  of  much  necessity  and  interest  to 
explore  the  concept  of  survivability  on  an  overall  or  operations  research  basis.  Thu  exploration  i»  the 
purpose  of  this  chapter  in  connection  with  the  normal  role  of  the  weapon  systems  analyst. 

ITe  new  field  of  ‘‘survivability  "  is  of  much  interest  to  the  Army  because;  (1)  large  numbers  of  per¬ 
sonnel  and  large  quantities  of  materiel  have  been  lost  in  past  conflicts;  (2)  the  costs  of  developing,  ac¬ 
quiring,  and  maintaining  weapon  systems  have  escalated  enormously;  (3)  reliability  and  main* 
txin-«hility  problems  in  a  combat  environment  are  continually  plaguing  the  Armed  Forces;  (4)  many 

38-1 


DARCOM-P  706-102 


new  relatively  cheap  and  unsophisticated  weapons  have  the  capability  of  destroying  expensive  combat 
systems;  (5)  with  the  growing  complexity  of  weapon  systems  there  is  a  need  for  highly  trained  person¬ 
nel.  and  hence  more  costly  operation  of  equipment;  and  (6)  it  is  expected  that  our  potential  enemies 
may  have  a  numerical  superiority  in  the  numbers  of  personnel  and  perhaps  in  materiel  (see  Ref.  2). 

Surv  ivability  might  well  be  considered  to  be  a  concept  which  must  be  taken  fully  into  account  in  the 
weapon  systems  analysis  or  evaluation  process.  For  this  reason,  survivability  should  be  regarded  as  an 
element  of  systems  analysis.  Moreov  er,  it  can  be  seen  that  studies  of  survivability  will  be  necessary  to 
assure  the  accomplishment  of  many  Army  missions  in  future  combat.  Indeed,  the  term  "survivability" 
currently  encompasses  a  rather  general  field  of  activity,  and  it  may  involve  the  much  older  disciplines 
such  as  vulnerability,  vulnerability  reduction,  reliability,  maintainability,  and  (loss  of  timely), 
repairability.  To  sum  up,  the  weapon  systems  analyst  will  need  to  study  and  apply  the  principles  of 
survivability  analysis  in  his  process  of  evaluating  weapon  systems  and  materiel. 

In  order  to  lead  up  to  a  definition  of  survivability,  we  will  first  review  the  definitions  of  vulnerability 
and  vulnerability  reduction,  as  there  has  been  some  confusion  among  the  three  terms,  and  all  three 
concepts  need  to  be  somewhat  distinct  for  future  reference  and  applications.  Vulnerability  is  a  quan¬ 
titative  measure  of  the  susceptibility  to  damage  of  a  target  structure  or  item  of  materiel  to  a  given  at¬ 
tack  mechanism.  Vulnerability  often  is  expressed  as  a  “vulnerable  area”.  Vulnerability  reduction  consists 
of  the  application  of  design  techniques  to  materiel  items  in  order  to  reduce  or  eliminate  the  effects  of 
combat  damage  mechanisms.  Vulnerability  reduction  may  often  be  expressed  as  a  percent  decrease  in 
vulnerable  area.  With  these  two  definitions  as  a  background,  and  the  lack  of  any  definition  of  sur¬ 
vivability  in  the  current  issue  of  the  Army  dictionary,  the  Army  Materiel  Systems  Analysis  Activity 
which  set  up  a  Survivability  Office,  proposed  the  following  definition; 

"Survivability  is  that  characteristic  of  personnel  and  materiel  which  enables  them  to  withstand  (or 
avoid)  adverse  military  action  or  the  effects  of  natural  phenomena  which  ordinarily  and  otherwise 
would  result  in  the  loss  of  capability  to  continue  effective  performance  of  the  prescribed  mission.” 

Put  simply,  therefore,  survivability  represents  a  new  area  of  interest  and  effort  which  aims  to  in¬ 
crease  as  much  as  possible  the  probability  that  personnel  and  materiel  of  all  kinds  will  survive  in  a  bat¬ 
tlefield  environment. 

Ref.  2  is  a  “Survivability  Primer”,  which  covers  some  of  the  current  basic  approaches  regarded  as 
important  in  improving  survivability,  and  points  out  that  any  improvements  in  the  chance  of  survival 
must  be  achieved  without  sacrificing  the  ability  of  the  system  to  perform  its  mission  within  realistic  and 
resource  constraints.  For  example,  some  realistic  trade-offs  may  be  necessary  between  survivability 
and  other  aspects  of  effectiveness  such  as  reliability,  mobility,  and  lethality.  We  might  well  add  here 
that  the  Army  mission  also  is  to  win  in  battle,  and  survivability  should  not  detract  from  that. 

Ref.  2  discusses  four  areas  considered  of  prime  interest  in  the  study  of  weapon  systems  to  enhance 
survivability,  namely:  (1)  detectability,  (2)  hitability,  (3)  vulnerability  reduction,  and  (4)  repairability. 
Thus,  Ref.  2  recommends  that  targets  should  be  designed  or  used  on  the  battlefield  so  that  they  cannot 
be  detected,  if  at  all  possible.  And  if  they  are  detected,  then  system  characteristics  or  cover  should  be 
such  that  they  are  not  easily  hit.  If  and  when  targets  are  hit,  then  they  should  be  as  invulnerable  as 
possible;  and  if  friendly  systems  are  damaged,  they  should  be  designed  so  that  they  are  easily  repaired. 
In  summary,  it  can  be  seen  that  much  preliminary  thought  should  go  into  the  problem  of  designing, 
and  producing  weapon  systems  for  future  conflict  —  once  committed  to  a  battlefied  environment,  it  is 
often  too  late  to  enhance  survivability.  Thus,  the  best  way  to  assure  survivability  is  to  “build  it  into” 
systems  in  the  planning  stages,  and  then  make  the  necessary  trade-offs  through  proper  analyses. 
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To  the  list  of  the  given  four  areas  of  effort,  we  should  add  another  important  area  of  effort — one 
whit  h  has  more  or  less  been  concentrated  on  in  the  past — namely,  that  of  continuing  to  enhance  the  ef¬ 
fectiveness  of  weapon  svstems  wherever  possible,  especially  since  winning  the  battle  may  often  be  the 
best  way  of  assuring  survivability. 

In  the  paragraphs  that  follow  we  will  discuss  each  of  the  five  areas  of  interest  for  survivability  in  or¬ 
der  that  the  analyst  will  have  availaole  an  introduction  to  the  general  subject  and  will  always  remem¬ 
ber  the  role  of  system  survivability  in  his  effectiveness  studies. 

38-2  DETECTABILITY 

Perhaps  one  of  the  more  important  problems  of  warfare  centers  around  the  timely  detection  and 
location  of  targets,  so  that  they  can  be  brought  under  fire  before  the  enemy  can  employ  his  weapons  ef- 
tectiveh  against  friendly  forces.  Enemy  targets — especially  those  that  will  be  threats  to  friendly 
advance — should  be  detected  promptly;  and  recognized  and  identified  as  to  type,  characteristics,  and 
location.  In  fact,  these  elements  or  phases  constitute  the  target  acquisition  process.  It  can  be  said  that 
targets  are  detected  by  their  “signature",  whether  the  detection  is  by  visual  means,  sound,  radio  wave 
propagation,  in'rared  (ir)  radiation,  ultraviolet  radiation,  or  other  propagation  means.  Thus,  to 
minimize  the  chance  of  being  detected  by  enemy  forces,  Army  equipment  and  personnel  should  have 
reduced  signatures  wherever  possible.  Indeed,  the  techniques  of  camouflaging  systems  and  personnel, 
reducing  electromagnetic  radiation,  and  the  use  of  acoustic  mufflers  and  ir  type  suppressors  should  be 
considered  in  equipment  design  for  lowering  the  chances  that  the  enemy  will  detect  Army  systems  and 
personnel  on  the  battlefield.  (See  Chapter  27  also.) 

Ref.  2  stives  a  good,  somewhat  detailed  discussion  of  serious  enemy  surveillance  threats — including 
visuai,  noise  (acoustic  and  seismic  vibrations),  infrared/thermal,  and  electronic  means  of 
identification — which  we  must  counter  to  preclude  detection.  In  this  connection.  Table  2  of  Ref.  2, 
which  is  reproduced  here  as  Table  38-1,  gives  some  examples  of  the  various  enemy  threats  to  detecting 
our  targets,  along  with  some  possible  countermeasures  we  might  take  to  lower  the  chances  of  being 
deiected.  Also,  Tabic  4  of  Ref.  2,  reproduced  here  as  Table  38-2,  lists  some  survivability  enhancement 


TABLE  38-1.  HIGH  THREAT  AREAS— ENEMY  CAPABILITIES  AND  OUR 

COUNTERMEASURES 


Surveillance 

Threat 

Threat 

Enemy 

Capability 

Our  Countermeasures 

Visual 

Naked  eye 

Conventional  photographs 

Image  intensifiers 

Ves 

Pattern  painting 

1  Lightweight  screening  system  (LSSt 
Smoke 

Noire 
(acoustic 
and  seismic 
vibrations) 

Directional  microphones 

Seismic  sensors 

Ye* 

More  efficient  mufflers 

Quiet  operations 

Infrared/thermal 

Infrared  photographs 
infrared  searchlight 

Yes 

Improved,  paint 

LSS 

Smoke 

Electromagnetic' 

Radar 

Monitoring  of  radio  transmission 
Detection  of  spurious  radiation 
Direc.ion  finding  units 

Yes 

LSS 

Jamming 

Remote  antennas 
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TABLE  38-2.  SURVIVABILITY  ENHANCEMENT  MEASURES  FOR 
CONSIDERATION— DETECTABILITY 


Item 

Measures  for  Consideration 

Expected  Benefit 

Aircraft 

Smoke-screen  warhead  for  2  "5  in.  roc  ket 

Protect  aircraft  from  observation  In  enems  air 
defenses  and  troops  on  the  ground 

Vehicles 

Noise-reduction  —  tracks,  engines 

Reduce  distanceat  which  vehicle  mav  be 
detected  by  its  noise 

Vehicles 

SignatUie  reduction  —  ir.  acous'ic.  optical, 
magnetic,  seismic,  and  gases 

Reduce  detection  probabilities 

Pc.  sonne! 

Lii;htwc:ght  camouflaged  clothing  and  equip¬ 
ment 

Rtduce  chances  for  detection  of  individual 

V  chicles  and  air- 
i  raft 

Engine  advanced  technologs  —  regeneration 
aircraft  engine,  reduced  noise,  reduced  »" 
signature 

Reduce  signature  and  maintenance 

Various  equipment 

Camouflage  through  reflectance  of  natural 
environment  by  mirrors 

Reduce  detectabiiitv 

Various  equipment 

Camouflage  through  use  of  urethanes  colored 
at  local  site 

Reduce  detectability 

Aircraft  and  ships 

Reduced  radar  cross  section 

Reduce  detectability 

Materials 

Coatings  to  increase  radar  absorption 

Reduce  detectability 

measures  for  consideration  in  current  activities  to  reduce  the  chances  of  detection  of  our  battlefield 
systems. 

Hopefully,  these  few  brief  accounts  will  serve  to  acquaint  the  analyst  with  a  useful  overview  of  the 
target  detectability  part  of  the  problem  to  improve  survivability.  We  emphasize  in  particular  that 
systems  with  low  signatures  or  systems  which  cannot  be  seen  have  less  chances  of  being  detected,  and 
hence  improved  chances  of  survival  in  a  combat  environment.  I 


38-3  HITABILITY 

Detected  targets  will  usually  be  shot  at  and,  in  spite  of  all  kinds  of  efforts  to  avoid  del  ection,  some  of 
our  weapons  and  personnel  will  be  identified  and  located  by  the  enemy  during  a  battle.  Once  detected, 
then  it  becomes  of  increasing  importance  to  avoid  being  hit,  if, at  ail  possible.  The  coined  term 
“hitability”  has  therefore  been  defined  as  the  susceptibility  of  a  target  to  being  hit  (Ref.  2). 

Small  targets  are  harder  to  hit  than  larger  ones;  consequently,  proper  attention  must  be  paid  to  size. 
For  example,  low  silhouettes  are  very  desirable,  and  it  has  Jong  been  observed  that  some  Russian  tanks 
have  lower  silhouettes  than  their  American  counterpart.  The  design  of  materiel  in  a  manner  to 
preclude  bulkiness  or  large  exposed  areas  should  be  kept  in  mind  by  the  engineer. 

The  shape  of  a  target  may  be  of  some  importance  as  far  as  hitabiiitv  is  concerned,  al 
important  rule  is  to  present  as  small  an  area  as  possible  for  any  probable  detection  by  t 
would  include  also  the  exposure  of  as  small  a  part  of  the  target  as  possible  by  taking  fell  advantage  of 
terrain  and  vegetation  to  shield  or  hide  the  remaining  parts  of  the  target. 
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The  use  of  suppressive  fire  against  the  enemy  may  be  of  much  importance,  because  if  the  enemv  can¬ 
not  freelv  use  his  weapons  to  bring  fire  on  detected  or  exposed  friendly  targets,  then  decided  advan¬ 
tages  in  survivability  will  be  gained  for  friendlv  forces.  Artillery  strikes. are  valuable  for  this. 

The  use  of  electronic  countermeasures  to  avoid  detection  or  to  jam  enemv  weapons  depending  on 
electronics  also  may  clearly  improve  survivability. 

Some  targets  may  avoid  being  hit  by  virtue  of  their  speed,  acceleration,  or  by  changing  direction 
suddenly.  Thus,  the  maneuverability  and  the  agility  of  weapon  systems  may  often  decrease  the 
chances  of  being  hit.  and  hence  improve  the  chances  of  survivability.  On  the  other  hand,  it  must  be 
remembered  that  moving  targets  are  often  more  easily  detected.  For  some  weapon  systems,  such  as 
tanks,  the  reade-  should  recall  from  Chapter  22  “Mobility,  Maneuverability,  and  Agility",  for  exam¬ 
ple,  that  one  of  the  continuing  fundamental  problems  for  overall,  tank  design  is  to  strike  the  right 
balance  between  aggressive  firepower,  armor  protection,  and  the  use  ot  mobilitv  to  avoid  being  hit  (in 
addition  to  shock  action). 

Harrassment  fire  by  friendly  artillery  will  also  keep  the  enemy  off  guard  and  reduce  his  chance's  of 
bringing  effective  fire  on  our  systems,  Dius.  there  is  much  to  be  gained  by  judicious  use  of  friendly  ar¬ 
tillery  as  a  continuing  deterrent  to  enemy  efficiency. 

Probabilities  of  hitting  depend  on  the  aiming  errors  of  weapons,  the  round-to-round  ballistic  disper¬ 
sion,  the  target  size  and  the  weapon-target  range.  Thus,  any  means  of  provoking  the  enemy  to  open 
fire  at  as  long  a  range  as  po  sible  will  often  enhance  survivability  through  guaranteeing  lower  hit  prob¬ 
abilities.  Note  in  particular  that  out  target  size  (except  for  direction)  and  the  enemy's  round-to-round 
ballistic  dispersion  cannot  usually  be  altered,  although  some  consideration  might  well  be  advanced 
toward  trying  to  increase  the  opponent’s  aiming  error.  This  mav  be  accomplished,  for  example,  by 
mobility,  presentation  of  false  targets  at  different  locations,  enticing  the  enemy  to  fight  during  adverse 
weather  conditions  especially  when  our  forces  are  on  the  defense,  and  any  other  countermeasures  to 
bring  on  wild  shooting  from  the  enemy. 

38-4  VULNERABILITY  REDUCTION 

The  classical  approach  to  improving  the  survivability  of  materiel  has  been  through  efforts  to  reduce 
the  vulnerability  of  systems  (targets)  to  enemy  weapon  fire.  This  includes  protection  from  most  of  the 
typical  damage  mechanisms  such  as  fragments;  kinetic  energy  projectiles;  shaped  charge  rounds; 
blast;  thermal  and  nuclear  radiation;  and  chemical  and  biological  attack  mechanisms. 

'Fbe  Ballistic  Research  Laboratories  have  always  been  one  of  the  prime  agencies  studying  the  vul¬ 
nerability  of  targets  to  attack  and  the  consequent  reduction  in  vulnerability  that  might  be  achieved 
through  certain  basic  principles.  For  example,  som*  of  the  ways  for  reducing  target  vulnerability  in¬ 
clude  the  use  of  armor  plate  to  protect  personnel  and  critical  components  of  a  system;  designing  redun¬ 
dancy  into  the  system  where  applicable;  locating  critical  components  behind  noncritical  components; 
and  using  temporary  ballistic  protection  such  as  “ballistic”  or  nylon  blankets,  or  sand  bags,  logs,  etc., 
tn  the  field. 

In  general,  special  experiments  have  to  be  designed  and  conducted  to  study  target  vulnerability; 
otherwise  the  collection  of  data  from  analyses  of  target  damage  m  combat  too  often  leads  to  uncon¬ 
trolled  and  unexplained  variations. 

Naturally,  the  armoring  of  vehicles  or  systems  increases  weight  and  reduces  mobility  although  there 
might  be  some  optimum  trade-off,  for  example,  for  tanks.  In  fact,  the  design  of  tanks  should  be  such 
that  the  crew,  is  protected  by  armor,  and  the  ammunition  and  fuel  supplies  should  not  be  inside  the 
,  crew  compartment  if  at  all  possible.  In  addition,  the  use  of  spall  suppression  liners  on  the  interior  walls 
and  floor  aids  in  crew  survivability. 
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Spaced  armor  mounted  on  tanks  or  other  combat  vehicles  provides  protection  against  shaped  charge 
ammunition,  and  may  also  tip  monobloc  type  armor  penetrating  projectiles,  thereby  reducing  their  ef¬ 
fectiveness  in  penetration. 

For  .Army  aircraft,  one  of  the  prime  sources  of  vulnerability  is  that  of  fire  hazards.  For  this  reason, 
self-sealing  fuel  cells  or  tanks  and  various  self-closing  fittings  for  fuel  systems  on  Army  aircraft  have 
proven  to  be  most  successful.  Also,  piastic  foam  material  has  been  inserted  inside  aircraft  fuel  cells  to 
counter  the  occurrence  of  fires  from  incendiary  bullets.  Ref.  2,  which  provides  a  current  overall  sum¬ 
mary  of  survivability  efforts,  gives  the  following  guidelines  for  reducing  fires  aboard  aircraft: 

“1.  Place  flammable  fluid  containers  or  tankage  within  the  airframe  to  avoid  leakage  into  potential 
ignition  areas. 

“2.  Provide  scuppers  or  drains  to  dump  leakage  overboard  into  areas  where  such  leakage  is  not 
likely  to  be  ignited  downstream. 

“3.  Where  structural  compartments  or  voids  adjacent  to  such  containers  cannot  be  avoided,  provide 
fire/explosion  suppressant  materials  or  extinguishing  systems  to  prevent  the  ignition  or  propagation  of 
fires  or  explosions. 

“4.  Isolate  oxygen  systems  from  flammables.  Where  such  isolation  is  not  practical,  provide  struc¬ 
tural  containment  or  fire  barriers. 

“5.  Provide  fire  suppression  methods  in  those  areas,  such  as  an  engine  accessory  bay,  where  a 
sustained  fire  would  cause  loss  of  the  aircraft.” 

Vulnerability  may  also  be  reduced  by  eliminating  unnecessarily  complex  or  sophisticated  compo¬ 
nents  of  systems  and  by  using  the  principle  of  miniaturization  wherever  possible.  Also  the  use  of 
modular  construction  provides  for  quick  replacement  of  damaged  components  (Ref.  2). 

Ref.  2  discusses  techniques  for  reducing  the  vulnerability  of  stacked  ammunition,  the  use  of  ballistic 
blankets  and  flexible  armor  around  equipment,  the  use  of  shrouds  for  artillery,  the  protection  of  com¬ 
munication  and  electronic  equipment,  the  reduction  of  vulnerability  to  helicopter  rotor  blades,  eye 
protection  for  armored  vehicle  crewmen,  and  other  possible  areas  for  decreasing  target  vulnerability. 
To  show  somewhat  in  general  the  type  of  current  thinking  relative  to  survivability  enhancement 
measures  for  further  consideration,  we  present  Table  38-3,  which  is  Table  12  of  Ref.  2. 

Needless  to  say,  the  most  extensive  efforts  of  past  investigations  in  connection  with  survivability  have 
been  that  of  studying  target  vulnerability  and  the  possible  implementation  of  measures  to  reduce 
target  vulnerability.  However,  it  can  be  easily  seen  that  armor  and  passive  defense  types  of  protection 
can  only  go  so  far  in  improving  survivability.  Hence,  in  future  studies  the  problem  of  survivability  has 
to  be  approached  more  from  an  overall  point  of  view,  or  a  more  complete  operations  research  type  of 
investigation,  for  the  system  in  the  combat  operational  environment.  What  we  are  saying  is  that  the 
newer  concept  of  survivability  has  to  make  more  headway  by  trade-offs  between  the  use  of  vulnerabili¬ 
ty  reduction  measures  and  other  means  of  survival  such  as  preventing  target  detection  by  the  enemy, 
reducing  chances  of  being  hit,  promoting  ease  of  repairability  of  equipment,  and  enhancing  the  effec¬ 
tiveness  of  friendly  systems  to  damage  enemy  targets  as  quickly  as  possible.  This  also  means  or  calls 
for  better  quantification,  perhaps  best  on  a  probabilistic  study  basis,  of  the  competing  survivability 
measures  which  might  possibly  be  implemented. 

38-5  REPAIRABILITY 

The  fourth  area  of  interest  covered  by  the  "Survivability  Primer”  (Ref.  2)  is  that  of  repairability. 
Ref.  2  defines  repairability  as  the  “characteristic  of  military  equipment  which  determines  how  readily 
and  easily  that  equipment  is  repaired  or  replaced  when  it  sustains  combat  damage”.  Most  charac¬ 
teristics  of  repairability  for  systems  or  items  must  be  considered  and  formed  during  the  design  stages. 

38-6 


DARCOM-P  706-102 


TABLE  38-3.  SURVIVABILITY  ENHANCEMENT  MEASURES  FOR  CONSIDERATION- 

VULNERABILITY  REDUCTION 

Item  Measures  Under  Consideration  Expec’ed  Benefit 

Aire,  aft  Advanced  structure  design  concepts  and  Reductions  in  maintenance,  in  vulncr-  f 

composite  materials,  fiberglass  rotor  blade,  ability,  in  fatigue  of  components 

composite  material  rotor  hub,  composite 
fuselage,  composite  tubular  rotor,  composite 
transmission  housing,  boron  rotor  blade 

Aircraft  Fire-safe  fuels  Fewer  fires  in  flight 

Aircraft  Ballistically  tolerant  flight  controls  such  as  Red  aced  vulnerability  of  controls 

the  bellcrank  pn  the  AH-1G' 

Aircraft  Improved  crash  survivability — crashworthy  Fewer  injuries  to  personnel,  reduced  damage  to 

fuel  system  aircraft 

Aircraft  Improved  ca--n  restraints  Fewer  crew  injuries  under  crash  conditions 

Aircraft  .Crashworthy  armored  seat  for  helicopter  crews  Fewer  crew  injuries 

Aircraft  Ducted  replacement  for  tail  rotor  Reduced  vulnerability  to  foreign  objects  and 

fewer  injuries  to  personnel 

Aircraft  Oil-mist  lubrication  as  Emergency  back-up  Provides  additional  running  time  for  engines 

in  turbines  with  damaged  lubrication  systems 

Helicopters  Sensors  of  serious  blade  damage  would  initiate  Restores  rotor  balance  after  severe  ballistic 

shaped  charges  to  sever  damaged  blade  and  damage  to  rotor  system 

opposite  blade 


Aircraft  Armor  blanket 

Aircraft  Suction  boost  fuel  system 

(UTTAS) 


Protect  parked  aircraft  from  low  velocity 
fragments 

Ivv.er  fires  in  event  fuel  lines  are  broken  or 
engine  stops  running 


Aircraft  Integrated  actuator  package  Reduced  vulnerability  of  hydraulic  systems 

through  reduction  of  vulnerable  areas 


Aircraft 

Aircraft 

Aircraft 

Aircn-ft 

(UTTAS) 

Aircraft 

(UTTAS) 

Aircraft 

Track  vehicles 
Vehicles 


Lateral  axis  redundancy  for  actuators 

Oil-starvation-tolerant  transmission  systems 

Improved  structural  adhesives  (polyamide 
adhesive) 

Minimize  hydraulic  ram  effect 
Fail-safe  lubrication 

Transparent  plastics  for  high  speed  flight 
vehicles  with  exceptional  mechanical  properties' 
at  high  temperatures 

Split  track 

Armor  kit  for  fuel  tanks 


Reduced  vulnerability  by  providing  redundant 
paths  and  redundant  controls 

More  aircraft  returning  tc  base  after  sustaining 
ballistic  damage  to  transmission  system 

Greater  load  bearing  under  conditions  of  metal 
fatigue 

Reduced  damage  to  fuel  tanks  from  penetrators 

Reduced  damage  to  moving  parts  from  failure 
of  lubrication  system 

Reduced  vulnerability  for  plastic  windsh  elds 


Reduced  damage  from  mines 
Protect  fuel  tanks,  fewer  fires  and  leaks 

(cont’d) 
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TABLE  38-3  (cont’d) 

Item 

Measures  Under  Consideration 

Expected  Benefit 

Personnel 

Vest  to  accept  survival  components  and  also 
sene  as  body  armor 

Improved  survivability  of  personnel 

^i.rsonnel 

Lightweight  clothing  using  new  fiber  types  of 
graded  protection  front  chemical  agents, 
camouflage  for  the  individual,  body  armor,  eye 
protective  devices 

Reduction  in  injuries  from  the  effects  of  various 
weapons 

Personnel 

Transparent  armor 

Reduced  vulnerability  of  personnel 

Personnel 

Prophylaxis  against  lethal  chemicals 

Fewer  personnel  casualties  from  poisoning 

Personnel 

Fire-resistant  clothing  for  naval  personnel 

Fewer  injuries  from  fire 

Personnel 

Buoyant  cold  weather  clothing 

Reduce  p-obability  of  drowning  or  injury  from 
exposure  for  personnel  forced  into  wat  er 

Personnel 

Lightweight  armor  for  trucks 

Protect  personnel  from;  small  arms  fire 

Personnel 

Armor  by  the  yard 

Protect  personnel  in  boats,  trucks,  and 
emplacements 

Personnel 

Sealed  and  actively  pressurized  flight  suit 

Personnel  protection  in  event  cabin  pressure 
collapses  at  high  altitude 

Personnel 

Miniature  oxygen  regulator 

Increased  reliability  for  oxygen  flow 

Art'llery 

Confining  effects  of  burning  ammunition 

Reduced  casualties  ai.d  damage  due  to  fires 

Ammunition 

Decrease  sensitivity  of  propellants  to  impact  by 
projectiles 

Fewer  fires  and  explosions 

Cables 

Fireproof  cable  sheath 

Fev  er  fires  in  cables 

Fuel  systems 

Harden  fuel  systems  to  withstand  effects  of 
high  energy  lasers 

Reduced  vulnerability  of  fuel  system 

Materials 

Coatings  to  harden  materials  against  laser 
damage  and  increase  radar  absorption 

Reduced  damage  and  fewer  fires 

Communications 

Fault-tolerant  digital  communication  by 
integrating  and  time  sharing  use  of  circuits  . 

More  reliable  communications  through  less 
vulnerable  area  and  resistance  to  electro¬ 
magnetic  interference  and  lighting 

Fuel  systems 

Fuel  solidification  upon  projectile  impact . 

Fuel  gelling  will  result  in  less  leakage  following 
penetration  and  fewer  fires 

Transmissions 

Integral  cooling/lubrication  system  for 
transmission 

Lett  vulnerable  transmission  by  virtue  of  less 
vulnerable  area 

.  Controls 

Integrally-armored  servo-actuators 

Reduced  vulnerability  to  penetrators 

Hydraulic  system 

Silicon-based  hydraulic  fluids 

Reduced  flammability 

Communications 

Propagation  of  low  frequency  radio  waves 

Provides  backup  communication  mean*  in 
event  other  systems  are  useless  because  of 
severe  ionospheric  disturbances 

Airbase 

.Nondestructive  pavement 

Reduced  damage  to  air  strips 
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Thus,  the  designer  mu„t  inc  hide  e.i-e  of  repairability  and  replacement  of  parts  or  modules  in  his  overall 
study  of  any  proposed  military  <vvtnn  Preventive  maintenance  and  servicing  should  be  kept  firmly  in 
mind,  so  that  the  extent  of  am  possible  combat  damage  and  its  probable  effects  may  be  reduced. 
Nevertheless,  the  repair  of  much  of  the  newer  Army  hardware  is  made  more  difficult  by  the  increase  in 
complexity  of  militar  y  s\  stems.  Conremiiw  the  ease  of  repairability,  however,  the  following  design  ob¬ 
jectives  arc  listed  by  Ref.  2  as  principles  or  standards  to  follow: 

“1.  Provisions  for  greater  accessibility  to  equipment  and  components  that  may  require  repair  or 
replacement. 

“2.  Reduction  of  mean  time  to  rcpair/ieplace  a  given  component  to  assure  combat  and  operational 
readiness  of  the  equipment. 

“3.  Provisions  for  interchangeability  of  like  components  wherever  feasible. 

“4..  Provisions  for  modular  construction  as  appropriate  and  design-for-repair  wherever  feasible." 

Finally,  we  remark  that  cannibalization,  or  the  use  of  parts  from  damaged  pieces  of  equipment  to 
repair  another  damaged  item  in  order  to  make  it  immediately  serviceable,  must  continue  to  be  ex¬ 
plored  for  prompt  repairability  of  systems  in  combat  areas.  This  procedure  is  not  a  recommended  solu¬ 
tion,  however,  under  normal  conditions. 


38-6  EXAMPLE  OF  A  SURVIVABILITY  STUDY 


Since  we  have  so  far  discussed  only  some  o'  the  more  general  types  of  guidelines  and  rules  to  improve 
survivability,  it  might  be  helpful  to  indicate  an  application  of  the  principles  of  survivability.  There 
seems  little  doubt  that  survivability  analysis  and  applications,  even  though  they  are  still  new,  will 
flourish  as  an  important  activity  and  also  as  an  area  of  prominence  for  the  systems  analyst  in  his  future 
evaluations.  As  a  case  in  point,  Redwinski  and  Smith  (Ref.  3)  have  made  a  study  of  the  HAWK  r.ir 
defense  system  site  and  have  reported  on  possible  survivability  measures  to  reduce  vulnerability  or  im¬ 
prove  survivability  in  their  "Improved  HAWK  Survivability  Primer”.  The  HAWK  Battery  was  chosen 
since  the  Improved  HAWK  system  is  a  very  effective  air  defense  system  for  the  Army,  and  any 
probable  enemy  will  very  likely  expend  considerable  effort  and  resources  to  neutralize  or  destroy  such 
air  defense  capability. 

The  approach  in  Ref.  3  fo  improve  HAWK  system  survivability  consists  of  the  following  four  essen¬ 
tial  dements  of  survivability:  ’ 


1.  Make  the  HAWK  air  defense  system  hard  to  detect  from  the  air. 

2.  Make  the  HAWK  system  hard  u:  hit  if  it  is  detected. 

3.  Make  HAWK  hard  to  kill  if  hit. 

4.  Make  HAWK  easy  to  repair  if  damaged.; 

The  commander  usually  has  some  ccntrol  over  the  first  two  elements,  whereas  elements  three  and 
four  usually  must  be  addressed  during  the  design  and  production  of  the  HAWK  system. 

Fig.  38-1  gives  a  baseline  layout  for  the  improved  HAWK  battery,  with  the  key  distances  in  meters. 
Also,  the  direction  of  the  possible  main  threat  is  indicated  at  the  top  of  Fig.  38-1. 

The  keys  to  the  acronyms  in  the  text  and  especially  Figs.  38-1  and  38-3  of  this  chapter  are: 

ICWAR  =  Improved  Continuous  Wave  Acquisition  Radar 

IROR  =  Improved  Range  Only  Radar 

ICC  =  Improved  Control  Center 

IHPIR  =  Improved  Highpower  Illuminator  Radar 

ILCHR  =  Improved  Launcher 

ILSCB  —  Improved  Launcher  Section  Control  Box 
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IPAR 

=  Improved  Pulse  Acquisition  Radar 

IBCC 

-  Improved  Battery  Control  Center 

IHPI 

=  Improved  High  Power  Illuminator 

CW 

=  Continuous  Wave 

ARM 

=  Antiradia.ion  missile 

EMCM 

=  Emission  Control 

FEBA 

=  Forward  Edge  of  the  Battle  Area 

FROG 

=  Free  Rocket  Over  Ground 

SHORADS  =  Short  Range  Air  Defense  System 

Actually,  it  is  to  be  expected  that  enemy  aircraft  may  attack  from  more  than  one  direction.  The 
HAWK  battery  has  reasonably  good  radar  coverage  against  lower  altitude  aircraft  attack.  However, 
the  enemy  probably  would  decide  to  deny  one  HAWK  battery  any  support  from  the  adjacent  one  if 
feasible  and  be  willing  to  accept  the  possibility  of  some  exposure  and  subsequent  loss  for  low  altitude 
'  attack  because  of  better  survival  chances.  The  probable  procedure  would  be  that  enemy  aircraft  would 
begin  the  attack  by  employing  electronic  countermeasures  and  search  visually  for  the  HAWK  site. 
There  seems  to  be  little  doubt  that  approaching  enemy  aircraft  will  probably  select  the  Improved 
Pulse  Acquisition  Radar  (IPAR)  and  the  Improved  Continuous  Wave  Acquisition  Radar  (ICWAR) 
as  the  aim  points,  because  any  rotation  oi  the  antennas  “keys  in”  the  target  area  and  would  provide  a 
good  cue  visually.  Moreover,  it  can  be  expected  that  500-lb  general  purpose  bombs  would  ordinarily 
be  used  by  enemy  aircraft. 

Ref.  3  indicates  that  the  attack  profile  would  be  that  shown  in  Fig.  38-2  and  points  out  that  the 
enemy  attack  aircraft  have  only  a  short  period  of  time  to  locate  the  HAWK  site  visually,  for  the  HAWK 
battery  will  be  engaging  as  many  attackers  as  possible  anyway.  Each  attacker  will  probably  make  only 
a  single  pass  because  they  know  that  REDEYE  teams  and  Short  Range  Air  Defense  Systems 
(SHORADS)  will  be  deployed  in  the  vicinity  of  the  HAWK  site.  This  background  leads  us  to  consider 
some  pertinent  survivability  measures  for  the  HAWK  battery  in  its  mission. 


Wings  Level  Only,During  Ordnance  Release 
Figure  38-2.  Maneuvering  Aircraft  Attack  Profile 
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The  measures  which  were  considered  in  Ref.  3  for  increasing  the  survivability  of  H  AH  K  batteries  to 
direct  aircraft  attack  included 

1.  The  influence  of  dispersion 

2.  The  importance  of  site  hardening 

3.  The  importance  of  camouflage 

4.  The  probate  impac  t  of  dm>\  sites 

5.  The  importance  of  HAWK  site  location 

6.  The  effect  of  combinations  of  survivability  measures. 

The  baseline  layout  in  Fig.  38-1  for  the  improved  HAH  K  battery  is  based  on  TM  9- 1425- '23,  and  is 
so  recommended.  However,  a  studs  of  European  and  Korean  sites  indicates  the  IPAR  and  ICVVAR 
radars  were  deployed  only  some  40  m  and  20  m  apart,  respectively,  whereas  tne  baseline  configuration 
recommends  212  m.  perhaps  affecting  survivability. 

Site  hardening  is  especially  important  and  the  use  of  revetments  as  shown  in  Fig.  38-3  is  especially 
recommended. 

Camouflage  will  be  very  effective  since  it  makes  the  HAWK  site  much  more  difficult  to  detect  and 
hence  aim  bombs  during  the  attack  phase. 

Decoys  force  the  enemy  to  weaken  his  attack  when  he  mistakenly  shoots  at  them,  and  hence  they  are 
highly  recommended. 

Ref.  3  recommends  placing  the  HAWK  battery  along  a  tree  line  or  slope  of  a  hill  since  using  such  a 
configuration  may  have  die  effect  of  decreasing  the  engagement  envelope  by  180  deg. 

Naturally,  combinations  of  the  various  survivability  measures,  if  put  into  effect,  will  usually  add  to 
more  then  individual  improvements  in  survivability. 

Table  38-4  gives  a  brief  summary  of  the  suggested  priorities  of  Ref.  3  for  implementing  the  various 
survivability  measures  for  a  HAWK  battery  site. 

Ref.  3  warns  that  survivability  defense  of  the  HAW'K  site  should  give  consideration  to  the  likelihood 
that  the  enemy  inventory  will  include  two  standoff  attack  weapons,  namely,  the  Antiradiation  Missile 
(ARM)  and  the  Free  Rocket  Over  Ground  (FROG)  weapon.  Survivability  against  the  ARM  rtiay  be 
increased  by  prematurely  activating  the  ARM  proximity  fuze,  interfering  with  the  ARM  guidance, 
shooting  at  the  ARM  in  flight,  and  reducing  the  vulnerability  of  the  HAWK  site  to  blast  and  fragments 
discussed  earlier,  in  particular  by  the  use  of  revetments.  ARM  guidance  degradation  can  be  achieved 
by  shutdown  of  the  radars.  The  FROG  rocket  has  such  a  large  dispersion  in  range  and  deflection  that 
a  large  number  of  FROG’s  would  have  to  be  fired  at  HAWK  sites  to  achieve  considerable  damage.  The 
FROG  threat  can  likely  be  ignored,  therefore. 

Tt  can  be  seen  from  this  discussion  that  it  will  pay  to  keep  the  concept  of  survivability  thoroughly  in 
mind  throughout  the  weapon  acquisition  process,  and  that  the  implementation  of  survivability 
measures  based  on  systems  analysis  procedures  will  not  only  increase  the  chances  of  being  able  to  live 
on  the  battlefield,  but  will  also  clearly  improve  the  overall  capability  and  effectiveness  of  our  weapon 
systems. 

We  should  remark,  nevertheless,  that  at  the  current  state  of  development  much  of  the  survivability 
effort  is  at  the  “guidelines”  or  “general  rules”  stage,  so  to  speak,  and  t-  before  extensive  quantification 
and  modeling  of  survivability  parameters  are  called  for  in  the  future  to  bring  about  the  most 
reasonable  and  effective  trade-off?  Indeed,  it  might  be  said  that  survivability  considerations  and 
recommendations  require  overall  systems  analysis  procedures  to  determine  their  real  worth  or  advis¬ 
ability,  especially  as  compared  to  the  general  effectiveness  of  weapon  systems  otherwise.  With  this 
thought,  we  turn  to  some  analytical  considerations  which  have  a  bearing  on  improving  the  effec¬ 
tiveness  of  weapons  and  hence  may  have  an  important  effect  on  survivability  also. 

38-12 


i 


DARCOM  P  706  102 


Noli-:  Drawing  >ot  to  Scale 


38-7  THE  ROLE  OF  SOME  ANALYTICAL  EFFECTIVENESS  MEASURES  IN 
SURVIVABILITY 

Thr  roie  of  the  weapon  systems  analyst,  as  we  are  well  awate,  revolves  around  the  problem  of 
evaluating  properly  all  of  *  he  so-called  measures  of  efTectiveness  related  to  overall  system  performance. 
The  aim  of  troops  in  the  field  must  involve  more  than  implementation  of  survivability  measures  for  per* 
sonnel  and  equipment,  fo,  otherwise  there  may  be  ;'no  contest”,  and  the  problem  of  the  systems 
analyst  would  be  reduced  to  a  most  improper  role!  Thus,  the  concept  ol  survivability,  as  we  have  said, 
must  be  evaluated  in  competition  with  the  other  desirable  or  pertinent  characteristics  of  weapon 
systems.  By  this,  we  simply  mean  that  the  key  problem  is  the  evaluation  of  overall  performance,  and 
hence  we  cannot  assign  any  one  factor  too  much  prominence  or  weight.  To  illustrate  a  bit.  suppose  we 
raise  the  question,  "Just  how  important  are  survivability  measures  of  the  type  discussed  so  far  in  this 
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TABLE  38-4.  SURVIVABILITY  MEASURES  IMPLEMENTATION' PRIORITY  FOR 

HAWK  BATTERY  SITE 


Survivability  Nltaturrs 
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chapter  as  compared  to  another  very  desirable  me  jsureof  effectiveness  (MOEj  such  as  the  kill  rate  of  a 
weapon?"  We  recall  that  the  kill  rate  of  a  weapon  system  is  basically  the  rate  of  fit e  multiplied  by  ti  e 
probability  of  hitting,  multiplied  bv  the  conditional  chance  that  a  hit  is  a  target  kill  Moreover,  kill  rate 
turns  out  to  be  the  fundamental  parameter  describing  the  effectiveness  of  a  weapon  for  stochastic  duels 
(Chapter  17).  target  coverage  and  target  damage  studies  (Chapter  20).  combat  theory  (Chapte-s  28 
and  27).  weapon  equivalence  studies  (Chapter  30).  optimal  firing  policies  (Chapter  31 ),  weapon-target 
allocation  problems  tChapter  .32).  cost-effectiveness  studies  (Chapter  37);  and  potential  kill  rates  will 
also  reduce  the  logistic  burden  (Chapter  23)  With  such  an  impressive  list  indicating  the  importance  of 
kill  rates,  it  nevertheless  is  easy  to  demonstrate  that  kill  rate  also  means  improving  the  c. iance  of  sur¬ 
vival.  Titus,  it  is  reasonable  to  assume  »hat  combat  might  wt’l  consist  of  a  series  of  individual  stochastic 
or  random  duels,  or  a  ‘‘bunching*up"  of  weapons  on  one  side  against  single  or  a  smaller  number  of 
targets  on  the  other  side  —  in  *hiCi  case  the  kill  rates  add  up  auickly!  Now.  define  the  following: 

A7?(  HR)  *■  kill  rate  of  a  Blue  weapon  against  a  Red  target  (weapon) 

KR(RB)  *  kill  rate  of  a  Red  weapon  against  a  Blue  target  (weapon). 

Then,  for  the  stochastic  duels  that  are  likely  to  c  cur  in  a  battle,  we  know  from.  Chapter  17  that  the 
chance  P{B)  of  Blue  winning  an  individual  engagement  is  practically 

I\B)  - KR(BR)/\KR(BR)  4-  KR(RB)\  (38-1) 

and  thus  the  higher  the  kil*  ate  for  Blue,  the  higher  his  chance  of  winning,  or  i.e.,  the  greater  the 
chance  of  survival  in  an  eng.  grment.  This  obviously  leads  us  to  raise  the  question  just  asked!  In  other 
words,  just  how  should  the  kill  rate  of  a  weapon  be  traded  off  with  any  of  the  other  survivability  type 
measures  covered  in  the  chapter  so  far?  We  contend,  of  course,  as  is  quite  proper,  that  survivability  is 
and  will  continue  to  be  fan  element  of  systems  analysis  procedures  which  requires  appropriate  evalua¬ 
tion  also. 

Let  us  continue  this  general  line  of  tliought  a  bit  further.  System  response  time  may  be  of  much  im¬ 
portance  in  combat  as  far  as  the  chances  of  being  hit  are  concerned,  for  once  the  two  sides  detect  each 
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other,  then  that  side  with  the  shorter  response  time  will  often  avoid  being  hit — to  say  nothing  of  ob¬ 
taining  a  decided  advantage  in  firing  first. 

The  use  of  multiple  rounds  in  optimal  firing  doctrines  may  also  make  the  difference  in  superiority, 
for  the  expected  number  of  rounds  to  produce  a  hit  for  many  targets  is  greater  than  one,  along  with  the 
fact  also  that  multiple  rounds,  or  especially  rapidly  fired  rounds,  will  increase  kill  rates  of  our  weapons. 
The  result  is  that  increased  kill  rates  against  an  enemy  means  improving  our  chance  of  survival  in  com¬ 
bat.  Thus,  overwhelming  the  enemy  with  firepower  will  increase  the  chances  of  hitting  and  destroying 
his  forces,  while  increasing  our  chances  of  winning  an  engagement.  This  may  well  mean  the  difference 
between  survival  and  defeat,  or  being  killed  pn  the  battlefield. 

As  an  important  area  of  endeavor  for  survivability  studies  in  the  futurr  we  point  out  that  there  exists 
a  huge  volume  of  unanswered  questions  which  center  around  the  incorporation  of  survivability 
parameters  or  considerations  in  determining  survival  probabilities  for  weapons,  individuals,  and 
organizations.  For  example,  Robertson  (Ref.  J)  has  developed  a  model  for  calculating  the  survival 
probabilities  of  several  targets  against  several  weapons  Some  survivability  models  have  also  been 
studied  by  Schoderbeck  (Refs.  5  and  6b  Dubins  and  Morgenthaler  (Ref.  7)  studied  the  inclusion  of 
detenion  in  survivability  models.  Thus,  there  is  a  need  to  generalize  the  concept  of  survivability  as  now 
practiced  to  effect  its  proper  role  in  the  weapon  systems  analysis  process. 

Other  evaluations  of  probable  interest  to  the  systems  analyst  concerning  the  general  subject  of  sur¬ 
vivability  include  a  survivability  evaluation  of  selected  communication  and  electronic  equipment  by 
Groves  e?  al.  (Ref  8),  helicopter  survivability  in  a  REDEYE  type  threat  environment  by  Hagis  (Ref. 
9),  survival  enhancement  provided  by  remote  antennas  by  Sohn  (Ref.  10),  a  comparison  of  selected 
methods  to  improve  the  survivability  of  stored  nuclear  weapons  by  VVesterman  (Ref.  ’.1),  an  aircraft 
survivability  analysis  by  Paris  (Ref.  12),  a  vulnerability  model  for  weapon  sites  with  interdependent 
elements  by  Firstman  (Ref.  13),  and  the  minimization  of  fatalities  in  a  nuclear  attack  bv  Owen  (Ref. 
14). 

Tnere  is  included  herewith  also  a  bibliography  of  some  other  relevant  studies,  models,  or 
evaluations.  > 

38-8  SUMMARY 

There  has  been  some  increasing  concern  in  recent  years  about  the  survivability  of  our  personnel, 
weapons,  and  materiel  systems  on  the  battlefield.  The  current  activity  of  survivability,  therefore, 
means  that  much  increased  emphasis  will  be  placed  on  the  design,  production,  analysis,  and  protec¬ 
tion  of  systems  and  personnel  in  future  conflicts.  Survivability  investigations  are  now  necessary  in  the 
evaluations  of  all  new  systems,  and  the  term  survivability  is  to  be  regarded  as  an  element  of  systems 
analysis.  The  various  parameters  representing  .he  survivability  role  of  systems  undergoing  evaluation 
must  be  traded  off  in  some  optimal  way  with  other  competing  parameters  of  effectiveness,  or  otherwise 
survivability  will  be  achieved  only  at  some  additional  cost  and  may  even  impair  mobility,  for  example, 
or  other  key  system  characteristics.  It  is  seen  that  the  analyst  has  an  increasing  problem  in  quantifying 
survivability  elements  into  his  evaluations. 
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CHAPTER  39 

COUNTERMEASURES  AND  THEIR  ANALYTICAL  TREATMENT 

The  importance  of  considering  countermeasures  in  the  evaluations  of  weapon  systems  is  discussed ,  and  some  intro¬ 
ductory  analytical  techniques  to  evaluate  counter  and  counter-counter  measures  are  covered. 

39-0  LIST  OF  SYMBOLS 

At  =  target  cross  section  area,  m1 

e,  E  =  efforts  expended  on  Tactics  1  and  2,  respectively  (see  Eq.  39-12) 
ej  —  theyth  action  of  Red 
G  =  gam  of  the  transmitter,  dimensionless 
H0  =  null  statistical  hypothesis  of  no  effect  —  to  be  tested 
Ht  =  alternative  statistical  hypothesis 
/a,  =  Blue  uses  ir  jamming 
/.,»  Blue  does  not  use  ir  jamming 
l,i  =  Red  uses  ir  command  guidance 
I,t  =  Red  does  not  use  ir  command  guidance 
IK  -  intensity  of  incident  radiation.  W»m~* 

/  (a,e)  =  loss  function  depending  on  Blue’s  action  a  and  Red’s  action  e 
m,  M  =  successes  associated  with  Tactics  1  and  2,  respectively,  when  efforts  e  and  E  are 
expended,  respectively  (Eq.  39-12) 
m  =  number  (of  tanks,  t.c.)  committed  to  battle 
7j#  -  number  (of  tanks,  etc.)  lost  in  m  committed  to  battle 
n,  jV  =  number  of  tanks  committed  under  the  two  different  conditions  (see  Eq.  39-10) 

«■  =  number  (of  tanks,  etc.)  committed  to  battle 

=  number  (of  tanks,  etc.)  lost  inn  committed  to  battle) 
p,  P  —  probabilities  of  tank  destruction  under  two  different  conditions  or  hypotheses 
Pj  =  jammer  power,  W 
PT  =  power  source,  W 
p{ef)  ~  probability  that  Red  uses  action  et 
p(x„)  =  probability  xt  occurs 
P\f]\**)  *  conditional  probability  of  et  given  x* 
p{**\*i)  *  conditional  probability  of  x,  given  et 
p(ejxk)  -  chance  that  ej  and  x,  both  occur  ■  pix^e^'Piej) 
pi  *  true  unknown  rate  of  loss  for  one  period  of  time 
p*  *  true  unknown  rate  of  loss  for  another  period  of  time 
It  m  range,  m 

R(at)  “  Blue’s  risk  for  action  a, 

R„  ”  crossover  or  self-screening  range,  m* 

s,  S  53  number  of  tanks  destroyed  under  two  different  conditions  (see  Eq.  39-10) 
t  *  variable  of  integration,  dimensionless 
u  ■  unit  standard  normal  deviate 
x  *  upper  limit  of  cumulative  normal  integral 
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x  -  a  variable 

xk  =  outcome  of  observation  or  experiment  under  a  series  of  k  =  !.  2.  .  .  .  conditions 
Pr(p>  P)  =  chance  that  one  unknown  probability/'  exceeds  another  unknown  probability  P 

<t>  M 

x* 

39-1  INTRODUCTION 

The  practicing  weapon  systems  analyst  must  be  rather  well  acquainted  with  the  more  genera!  prin¬ 
ciples  of  countermeasures,  for  his  task  is  often  that  of  evaluating  the  potentials  of  proposed  counter¬ 
measures.  Also,  countermeasures  are  often  likely  to  improve  survivability  (Chapter  38).  and  hence  they 
have  some  interest  in  their  own  right.  Indeed,  war  i'  often  based  on  "see-sawing"  advantages  anyway. 

This  chapter  provides  the  analyst  with: 

1.  Basic  definitions  of  concepts 

2.  An  analytic  framework 

3.  Some  specific  examples  of  measures,  countermeasures,  and  counter-countermeasures,  and  their 
employment. 

While  it  is  usually  impossible  to  anticipate  enemy  reactions  to  an  initiative,  there  is  a  rather  satisfac¬ 
tory  or  useful  mode  of  approach  to  this  problem. 

The  history  of  warfare  can  almost  be  written  in  terms  of  measures  and  countermeasures.  The  shield 
was  the  countermeasure  to  the  arrow  and  sword,  while  the  battle-ax  was  the  counter-countermeasure 
to  the  shield.  The  tank  was  the  countermeasure  to  the  machine  gun,  while  the  antitank  mine  and 
shaped  charge  warheads  are  counters  to  the  tank  threat.  While  such  concepts  are  simple,  there  are 
facets  of  the  subject  which  bear  some  close  study;  therefore,  we  will  discuss  them  here. 

A  measure,  in  the  present  context,  is  a  weapon,  weapon  system,  or  mode  of  warfare  which  is  capable 
of  neutralizing  or  destroying  an  enemy,  and  against  which  he  has  no  adequate  defense  other  than 
flight,  evasion,  or  battle,  using  a  new  weapon,  weapon  system,  or  mode  of  warfare  designed  specifically 
to  counter  the  measure.  A  distinction  must  be  drawn  between  measures  and  countermeasures  on  the 
one  hand,  and  tactics  and  counter-tactics  on  the  other.  Since,  however,  a  new  tactical  combination  or 
array  might  be  considered  a  measure  and  a  purelv  tactical  maneuver — such  as  evasive  maneuvering  by 
aircraft  under  surface-to-air  missile  attack  which  may  be  considered  properly  to  be  a 
countermeasure — the  distinction  is  sometimes  a  fine  one. 

Similarly,  measure  and  countermeasure  are  distinct  from  attack  and  counterattack  even  though 
they  may  be  associated  by  tactical  considerations.  An  attack  may  be  made  in  order  to  exploit  a  new 
measure.  The  German  attack  on  England  with  the  V-l  pulse  or  “Buzz”  Bomb  is  a  classic  association  of 
measure  and  attack.  The  British  counterattacked  in  several  ways,  one  of  which  was  through  conven¬ 
tional  air  attack  against  the  launch  sites  on  the  continent.  This  form  of  counterattack  would  not  be 
considered  a  countermeasure.  However,  the  missiles  were  also  attacked  in  flight  by  the  effective  com¬ 
bination  of  the  VT-fuzed  projectiles,  the  M-9  gun  director,  and  the  SCR- 384  radar,  which  combina¬ 
tion  was  classified  by  Herman  Kahn  (Ref.  1)  as  a  countermeasure. 

Any  analysis  of  countermeasures  must  account  for  the  dynamic  element.  Between  application  of  a 
measure  and  thg  deployment  of  a  countermeasure,  there  inevitably  will  be  a  time  lag  which  may  be  of 
critical  importance.  During  this  lag,  the  possessor  of  the  measure  will  enjoy  a  degree  of  freedom  and  an 
advantage  which  may  prove  decisive.  Such  dynamic  considerations  must  be  accounted  for  also  in  the 


=  (l/%/37)  J  exp  (- l1/2)dt  =  cumulative  standard  normal  probability  intergral 
=  chi-square  random  variable. 


39-2 


DARCOM-P  706-102 


use  of  counter-countermeasures.  For  example,  radar  has  done  perhaps  as  much  to  revolutionize  war¬ 
fare  as  any  other  single  technical  development.  It  greatly  extended  the  range  and  accuracy  of  target 
detection,  and  detection  is  not  only  the  first,  but  also  an  essential  requirement  of  any  military  action 
(Chapter  27).  Radar  detection  devices  found  early  and  important  uses  in  World  War  II  in  the  air  war 
over  Britain  in  the  summer  and  fall  of  1940.  Moreover,  the  strategic  importance  of  radar  was 
demonstrated  repeatedly  at  sea  as  well.  It  is  not  widely  appreciated  how  close  Germany  came  to  vic¬ 
tory  with  her  submarine  campaign;  fortunately,  radar  played  a  crucial  part  in  preventing  this  victory. 

In  the  summer  of  1942,  the  German  L'-boat  Command  learned  that  British  patrol  aircraft  were  us¬ 
ing  radar  in  the  one-meter  (old  L-band)  wavelength  band  to  detect  and  attack  their  submarines  as  they 
cruised  on  the  surface  at  night  to  recharge  their  batteries.  The  Germans  set  to  work  developing  a 
receiver  to  monitor  these  radar  signals  sc  that  upon  being  illuminated  by  the  British  radar  the  U-boat 
could  submerge  before  a  detection  and  position  fix  could  be  obtained.  The  successful  development  of 
this  receiver,  a  superheterodyne  type  having  considerable  radiant  energy  of  its  own,  reduced  British 
success.  In  response  to  this,  the  British  developed  an  S-bar.d  radar  which  they  used  with  renewed 
success.  A  German  counter  to  this  was  delayed  by  their  failure  to  attribute  their  again  increasing  losses 
to  the  correct  source.  Two  coincidences  intervened.  First,  they  had  been  concerned  that  infrared  detec¬ 
tion  was  being  used  by  the  British,  and  Secondly,  they  thought  that  the  radiation  of  their 
superheterodyne  L-band  receiver  was  being  homed  on.  The  value  of  such  information  is  clearly  seen 
here  The  development  of  an  S-band  transmitter  depended  entirely  upon  the  perfection  of  the 
magnetron.  To  the  Germans,  this  technical  possibility  was  unknown.  Thus,  the  upward  extension  of 
the  frequency  spectrum  just  did  not  seem,  at  first,  possible.  In  the  world  of  measure-countermeasure, 
the  watchword  or  slogan  is  “Expect  the  unexpected”. 

A  bizarre  note  on  this  period  is  pointed  out  by  Morse  and  Kimball  in  Ref.  2,  page  96.  The  German 
Air  Force  captured  intact,  in  Rotterdam,  one  of  these  British  10-cm  radars  in  March  1943,  yet 
knowledge  of  this  event  and  technological  characteristics  of  the  device  were  not  made  known  to  the 
German  Navy  until  six  months  later.  Those  six  months  were  crucial  to  the  U-boat  effort.  The  reason 
for  this  lapse  remains  an  intriguing  mystery.  An  S-band  receiver  was  eventually  developed,  i.e.,  a 
counter-counter-countermeasure.  Later  the  British  developed  a  countcr-counter-counter- 
countermeasurc,  an  X-band  radar,  wh.ch  the  Germans  quickly  again  countered. 

The  measure,  countermeasure,  counter-countermeasure  chain  is  an  endless  one.  By  the  nature  of 
warfare,  one  side  does  not  tell  the  other  what  it  is  doing.  The  answer  to  the  question,  “Why  have  our 
losses  increased  so  rapidly  ?”  may  be  extremely  difficult  to  find.  It  can  be  considered  in  two  parts.  First, 
“Is  the  opposition  using  some  new  device  or  measure?”;  if  so,  “What  is  it?”  The  second  question  is  ex¬ 
tremely  difficult  when  an  entirely  new  technology  breakthrough  is  possible.  If  answers  are  found  to 
these  questions,  the  next  question  is  "What  is  to  be  done  about t  it?” This  is  a  problem  in  part  technical 
and  in  part  tactical  i.e.,  what  and  how? 

39-2  EMPLOYMENT 

Secrecy  is  vital  in  military  operations  and  is  essential  in  slowing  down  the  use  of  countermeasures. 
Essential  to  the  successful  use  of  the  British  airborne  radar  was  ignorance  on  the  part  of  the  Germans 
that  it  was  being  used — ignorance  even  that  it  was,  or  could  be,  in  existence.  This  ignorance  arose  from 
the  fact  that  the  higher  frequencies  required  totally  new  and  different  technologies.  The  S-band 
transmitter,  as  pointed  out,  depended  on  the  development  of  the  magnetron.  Thus,  often  it  will  not  be 
known  what  measure  an  enemy  is  employing,  or  even  whether  or  not  he  has  a  new  weapon.  Clearly, 
such  knowledge  is  of  vital  importance. 
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Such  determinations  must  be  made  in  the  light  of  combat  experience,  of  course.  To  reach  the  con¬ 
clusion  that  a  new  weapon  or  technology  is  being  used  by  an  enemy,  the  tacticai  wc ape  systems  ana¬ 
lyst  needs  to  have  a  data  base  in  which  time  rc  .ords  of  appropriate  operational  measu/e?  of  effective¬ 
ness  are  maintained.  For  example,  along  a  stabilized  front  or  in  some  theater  of  operations  it  may  be 
known  that  tank  losses  are  X  tanks  per  tank  engagement  per  month.  If  this  quantity  is  viewed  as  a  ran¬ 
dom  variable,  then  a  sudden  jump  upward  in  the  losses,  say  by  2  standard  deviations,  would  indicate 
the  possibility  at  least  of  some  new  factor  having  been  added  to  the  tactical  picture.  A  new  warhead, 
fuzing  system,  fire  comrol  system,  or  similar  factor,  might  have  been  introduced  secretly  by  the  other 
side.  This  sort  of  analysis  is  the  same  as  that  encountered  in  statistical  tests  of  hypotheses. 

In  viewing  his  problem,  the  analyst  or  the  commander  will  take  the  position  that  it  must  be  decided 
whether  or  not  the  enemy  has  introduced,  in  this  example,  a  new  antitank  weapon.  The  null 
hypothesis  that  could  be  formed  in  this  case  is: 

//t,:  Nothing  has  changed,  no  new  measures  are  being  taken  by  the  enemy.  The  variation  noted  is 
due  to  chance  alone. 

This  hypothesis  would  have  as  its  alternative  the  hypothesis  Hx>  i.e., 

Hx:  A  new,  more  effective,  antitank  weapon  is  available  to  the  enemy. 

Dependent  on  the  degree  of  seriousness  to  be  associated  with  a  continuation  of  an  unopposed  use  of 
a  new  weapon,  a  decision  could  be  made  that  would  result  in  the  rejection  of  a  true  null  hypothesis 
with  a  low  probability. 

Here  is  an  illustration  for  tank  warfare.  At  some  point  in  time,  let  us  suppose  that  for  a  given  number 
of  engagements  there  were  m<,  tanks  lost  in  a  total  of  m  committed  to  battle,  and  for  a  like  period  follow¬ 
ing  that  point  in  time  there  were  no  tanks  lost  in  n  committed  to  battle:.  The  true  rates  of  loss  before  and 
after  the  point  of  time  selected  might  be  called  px  and  pi,  respectively,  but  they  are  unknown.  We  want 
to  know,  however,  whether  our  sample  results  would  give  credence  to  establishing  that 

pt>pi  (39-1) 


for,  in  that  case,  we  would  conclude  that  enemy  technology  or  tactics  could  be  such  that  he  is  gaining 
much  superiority,  and  we  had  better  do  something  about  it  quickly. 

Our  null  hypothesis  Ht  is 

H0:  pi  —  pt 

and  our  alternate  hypothesis  Hx  is 


Hx:  pi  <  pi. 


For  an  appropriate  statistical  test  of  these  hypotheses,  we  calculate 

(mffo  —  m0n)*(m  +  n) 

2  =  . . . .  .  .  . . . 

mn(mo  +  no)  (m  +  n  —  me  —  n0) 

which  is  distributed  as  the  chi-square  distribution  with  one  degree  of  freedom  (df).  Equivalently, 
take  u  =  y/x*>  or 


u 


(mno  —  mon)y/m  +  n 
[mn(mo  +  no)(m  +  n  —  mo  —  Ho)]17* 


(39-2) 


where  u  is  a  unit  standard  normal  deviate,  and  make  a  one-sided  test  by  referring  the  calculated  u  to  an 
upper  significance  level  of  the  standard  normal  distribution. 
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Thus,  if  we  select  the  95%  point,  then  if  the  calculated  u  is  less  than  h0  S5  =  1.645,  we  conclude  that 
pt  —  pi  and  also  conclude  there  is  no  significant  increase  in  our  tank  loss  rate.  But  if  the  calculated  u  is 
1.645  or  greater,  we  conclude  that  the  enemy  is  gaining  an  advantage  over  us,  and  we  had  better  in¬ 
vestigate  the  cause — which  might  involve  looking  for  countermeasures. 

VVe  might  well  add  here  that,  while  such  calculations  often  might  require  some  special  talents  not . 
necessarily  in  the  field  of  interest,  it  does  not  pose  a  great  problem.  Assistance  is  readily  found  due  to 
the  availability  of  statistical  or  operations  research  type  personnel  almost  anywhere. 

Once  a  decision  has  been  made — by  statistical  inference  or  direct  knowledge — that  an  enemy 
possesses  a  new  weapon,  a  combatant  will  seek  a  counter  to  it.  In  general,  the  availability  of  a  counter¬ 
measure,  and  its  employment,  produces  a  benefit  to  the  employer,  but  may  be  subject  itself  to  a 
coun'er-countermeasure  which  could  prove  disadvantageous.  As  a  result,  it  might  not  be  very  clear  to  a 
combatant  whether  or  not  he  should  use  the  countermeasure. 

Here  is  a  concrete  example.  One  side,  Red,  has  a  new  ir  guidance  system  for  an  antitank  missile. 
This  materially  enhances  the  accuracy  of  the  missile.  Blue,  to  counter,  has  developed  an  ir  jammer.  In 
response  to  this,  Red  uses  a  home-on-jam  (HOJ)  missile  which  can  seek  out  and  destroy  Blue  when  he 
is  jamming.  The  spectrum  of  tactical  possibilities  is  shown  in  Fig.  39-1. 


Possible 

Tactical 

Outcomes 


Figure  39-1.  Spectrum  of  Tactical  Possibilities 
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Several  choices  are  open  to  each  side.  For  the  time  briny,  as-iane  that  a  choice  of  tactical  posture 
must  be  made  by  both  sides  without  knowledge  of  the  decision  of  the  other.  In  such  a  case,  a  payoff 
matrix  can  be  constructed  as  shown  in  Table  39-1. 

The  Itj  are  numerical  values  of  some  measure  of  effectiveness  yMOE)  and,  by  convention,  may  be 
thought  of  as  being  the  values  received  by  Red.  If.  in  addition,  they  (low  from  Blue  to  Red  and  Blue’s 
sole  objective  is  to  minimize  the  payoff,  while  Red's  is  to  maximize  the  payoff,  the  problem  is  called  a 
zero-sum  tw  i-person  game. 

A  complete  discussion  of  the  solution  of  such  games  is  not  really  necessary  or  appropriate  here. 
However,  some  conclusions  can  be  drawn  by  inspection  once  the  matrix  of  MOE’s  has  been  given 
numerical  values.  If  there  were  no  penalty  to  Red  associated  with  his  use  of  the  home-on-jam  missile, 
then  there  is  no  reason  why  he  would  fail  to  use  it.  The  payoff  matrix  would  make  this  clear  by  the  fact 
that  all  elements  in  the  second  and  fourth  columns  of  the  t,,  would  be  as  small  or  smaller  than  their 
corresponding  elements  in  the  first  and  third  columns,  respectively.  In  this  case,  it  would  be  said,  that 
Red’s  second  and  fourth  alternatives  (strategies)  were  dominated.  By  increasing  the  values  of  the  ele¬ 
ments  in  the  first  and  third  columns.  Red  could  always  cause  a  loss  as  great,  or  greater,  to  Blue  by  us¬ 
ing  his  home-on-jam  missile,  regardless  of  Blue's  action.  Hence,  Red  would  not  rationally  choose 
either  the  second  or  the  fourth  course  of  action. 

It  is  frequent1'/  possible  to  reduce  the  size  of  the  matrix  by  examining  the  columns  and  rows  for 
dominance.  Row  dominance  in  a  loss  matrix  would  occur  whenever  eveiy  element  in  one  row  is  as 
small  or  smalier  than  its  corresponding  element  in  any  out  other  row.  The  latter  row  is  then  said  to 
dominate  the  former  row.  This  discussion  is  perhaps  somewhat  informative,  but  far  from  complete.  See 
Ref.  3  for  more  details. 

In  the  game  theory  context,  the  decisions  to  employ  the  measures,  countermeasures,  etc.,  are  made 
in  advance  and  a  tactical  commitment  is  then  made.  An  alternative  view  is  possible,  however,  and  is  a 
“dynamic”  view  based  on  Bayesian  analysis.  Assume  that  the  question  facing  Blue  is  whether  or  not  to 
use  his  jammer.  The  decision  is  to  be  made  in  the  face  of  uncertainty  regarding  Red’s  use  of  his  ir  com¬ 
mand  guidance. 


TABLE  39-1.  PAYOFF  MATRIX 


Red 


1 - 

Use  ir  Guidance 

Don’t  Use  ir  Guidance 

, 

Home-On-Jam 

M'ssile 

Ilome-On-Jam 

Missile 

■ 

Yes 

No 

Yes 

No 

Blue 

Jam 

i,* 

Don’t  Jam 

tn 

tu 

tu 
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Define  Blue’s  loss  function  as  i(a.e).  In  this  function,  a  stands  for  Blue’s  action  and  e  stand*  for 
Red’s  action.  Define  the  following  terms: 

/0i  =  Blue  uses  ir  jamming 

Iai  =  Blue  does  not  use  ir  jamming 

lei  -  Red  uses  ir  command  guidance 

ltl  -  Red  does  not  use  ir  command  guidance. 

The  list  of  possible  values  of  t  could  be  enlarged  to  include  Red's  use  not  only  of  ir  command  guidance, 
but  also  his  home-on-jam  missiles.  To  simplify  exposition,  ho.vever,  the  problem  will  be  limited  to  the 
two  alternatives. 

If  it  were  known,  for  example,  that  t2  (Red  does  not  use  ir  command  guidance)  were  in  effect,  all 
that  would  be  required  would  be  for  Blue  to  choose  at  such  that  l  l  would  be  minimized,  i.e..  know¬ 
ing  what  the  enemy  is  doing  makes  it  possible  to  choose  optimal  action  in  the  face  of  that  knowledge. 
In  the  absence  of  effective  espionage,  however,  this  will  not  generally  be  known.  There  are  several  ways 
to  deal  with  this  lack  of  knowledge,  aside  from  the  Game  Theory  approach.  One  may  be  able  to  say 
that  Red  chooses  his  various  strategies  without  regard  for  Blue’s  possible  actions  by  some  random 
process. 

The  risk  for  Blue  is  defined  as  the  expected  value  of  the  loss  funtion,  where  the  expectation  is  with 
respect  to  the  probabilities,  or  probability  distribution,  associated  with  Red’s  action  and  e2,  and  is 
denoted  R(at), 

R(at)  =  LI  (at,  ej)p(ej),  for «  =  1 ,  2  (39-3) 

j-i 

where 

p(tj)  =  probability  that  Red  is  using  action  e,  and 

/>(*.)  +  p(et)  =  I-  (39-4) 

If  Red  is  using  the  ir  command  system,  it  can  reasonably  be  expected  that  there  will  be  some  evi¬ 
dence  of  this.  The  evidence  may  be  direct,  such  as  direct  reception  of  ir  radiation  of  known  frequency 
and  modulation;  or  it  may  be  indirect,  such  as  an  unusually  high  Blue  tank  casualty  rate. 

In  order  to  quantify  or  model  the  discussion,  let  x  be  a  number  representing  an  observation,  or  ex¬ 
periment,  designed  to  tell  Blue  whether  or  not  the  enemy  is  using  ir  command  guidance.  There  is  no 
reason,  of  course,  why  x  cannot  be  a  continuous  variable,  such  as  a  reading  op  a  continuous  scale 
denoting  ir  signal  intensity;  or  x  may  be  discrete,  such  as  the  number  of  tank  kills  per  month,  etc.  For 
expositional  simplicity,  let  x  take  only  three  values:  *t  implies  that  Red  is  using  ir  guidance,  x7  im¬ 
plies  that  he  is  not,  and  xf  implies  a  toss-up  between  Red  using  ir  and  not  using  ir  guidance:  ■ 

Finally,  account  for  possible  error  in  the  experimental  outcome  since  the  indication  could  be  that 
Red  is  using  ir  guidance  when  he  is  not,  etc.  To  do  this,  let 

/K*i|*i)  =  probability  of  observing  xj  when  ex  is  true 
p(xi\et)  *  probability  of  observing  xt  when  et  is  true 
p(xt  |*j)  =  probability  of  observing  x,  when  «i  is  true 
p(x%\  et)  —  probability  of  observing  **  when  ea  is  true 
=  probability  of  observing  x*  when  <?!  is  true 
p(x  *|#*)  =  probability,  of  observing*,  when  e*  is  true 

where 

L  P(xhW)  -  1 

A-t 


(39-5) 


(39-6) 
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and 


z  p(x>  h)  =  1. 

k  -  1 


(39-7) 


The  conditional  probabilities  can  be  obtained  fro  n  field  testing  or  deduced  from  engineering  con¬ 
siderations,  or  from  theory.  The  problem  then  has  been  reduced  to  one  of  making  an  observation  in  the 
field,  noting  the  outcome  xk  designed  to  reveal  enemy  measure  employment. 

If  the  p(ej)  are  referred  to  as  a  prion  probabilities — i.e.,  probabilities  that  prevail,  on  an  equally  likely 
basis  or  preset  subjectively  on  the  basis  of  “experience”  or  othervise,  and  prior  to  actual 
observations — what  one  seeks  is  the  chance  of  rt  given  .»>,  i.e., 

i.e.,  the  probability  distribution  revised  or  “inverted”  on  the  basis  of  the  observations  xk.  This  is  called 
the  a  pnsterion  distribution,  and  from  Bayes’  Theorem  we  obtain 


p{tj\xk)  = 


PbjXk) 

/>(**) 


p{x>\e})  •pjej). 
Z  p(Xk\<j)* p(tj) 

j- 1 


(39-8) 


where 


p(*jXk)  =  chance  of  e.j  and  xk  both  occurring 
=  p{xk\e,)'p{ej). 


(39-9) 


P(xk)  =  Z  p(xk\ej)'p(ej).- 

j-i 

Several  aspects  of  this  mode  of  analysis  should  be  noted. 

The  first  of  these  is  the  loss  function  itself.  No  rational  decision  is  pos  ible  without  sortie  idea  of  the 
possible  conquences.  In  the  worst  case,  it  should  at  least  be  possible  to  assign  an  ordinal  ranking  for 
the  consequences,  in  this  case  from  best  to  worst. 

Secondly,  the  p{xk\et),  the  conditional  probabilities  of  the  experimental  outcomes  when  the  various 
actions  available  to  the  enemy  are  assumed  to  be  actually  taken,  can  usually  be  calculated  or  es¬ 
timated.  Such  calculations  are  often  a  routine  part  of  the  designer’s  and  operations  researcher’s  art. 

Finally,  and  most  controversially,  there  is  the  a  priori  distribution  p(ej)  on  the  array  of  possible  Red 
actions.  The  controversy  arises  over  the  question  of  what  is  meant  by  probability,  and  specifically  to 
the  point,  what  is  meant  by  such  a  statement  as  “The  probability  that  Red  is  using  his  new  ir  command 
guidance  system  is  0.3.  ”.  For  a  fuller  discussion  of  this  very  significant  question,  see  Refs.  3,  4,  and  5. 
Under  appropriate  circumstances,  these  numbers  may  be  merely  the  frequency  of  occu  rence  of  the 
enemy’s  past  employment  of  his  tactical  alternatives.  Such  an  interpretation  is  not  at  variance  with  the 
classical  concepts  of  probability .  However,  this  distribution  has  a  much  differen*  possible  interpreta¬ 
tion  in  the  “subjectivist”  school.  Here  these  probabilities  are  the  degree  of  belle;  decision  maker  or 
analyst  attaches  to  each  of  the  enemy’s  possible  actions.  The  justification  for  this  point  of  view  is  two¬ 
fold.  First,  no  universally  accepted  definition  of  “probability”  exists  and,  since  probabih’ty  assign¬ 
ments  in  every  case  are  implied  recognition  of  uncertainty,  the  degree  of  belief  point  of  view  is  as  valid 
as  any  other.  Second,  the  decision  maker,  especially  the  military  decision  maker  who  is  responsible  for 
success  or  failure  associated  with  his  decisions,  must  have,  in  the  absence  of  certain  knowledge,  a  way 
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of  making  his  store  of  subjective  experience  bear  on  his  decision.  The  Bayesian  structure  thus  combines 
the  objective  elements,  i.e.,  the  p{xk\ej)  with  tne  subjective  elements  l(a„ej)  and  p(e,). 

Another  variation  to  this  analysis  is  possible.  This  is  presented  as  an  adaptation  from  Ref.  2  'o  the 
hypothetical  tank  warfare  situation  under  discussion.  Blue  is  employing  his  tanks  against  Red.  Red  is 
known  to  have  deployed  his  new  ir  guidance  system  and  the  question  to  be  answered  by  Blue  is 
whether  or  not  his  jammer  is  effective.  Questions  relating  to  the  effectiveness  cf  Red's  home-on-jam 
missile  can  be  easily  incorporated  as  follows.  Let 

p  =  probability  that  Red’s  missiles  destroy  a  tank  when  Blue's  jammer  is  not  used  (Tactic  I) 
and 

P  =  probability  when  Blue’s  jammer  is  used  (Tactic  2). 

Blue’s  question  is:  “Is  p>  P?’\  which  means,  “Is  the  jammer  effective?” 

To  answer  this  question,  Blue  observes  the  number  of  tanks  s  that  Red’s  missiles  destroy  out  of  thg  n 
attacking  tanks  when  the  jammer  is  not  in  use,  and  the  number  of  tanks  destroyed  5  :.ui  of  the  .'/at¬ 
tacking  tanks  when  his  jammer  is  used — when  such  information  is  available.  The  question  is  answered 
approximately  on  a  probabilistic  basis  by  the  computation 

Pr(p>P)  *  4>  {  [7-^  ]  /  [s{n  -  s)/n*  +  S(JV  -  i’)/.V3j,/2|  (39-10) 

where 


<p{x)  =  (1  /s/Tir)  J*  exp (~t2/2)dt 


(39-1 1) 


-  cumulative  standard  normal  probability  integral. 


This  result  is  displayed  graphically  in  Fig.  39-2.  For  s  successes  out  of  n  discrete  trials  of  Tactic  1,  S 
successes  out  of  A- Trials  of  Tactic  2,  a  point  is  determined  on  the  plot,  giving  the  ruie  (tactic)  to  em- 
ploy. 

In  the  example  just  given,  the  effort  expended  was  discrete,  since  n  and  N  are  integers.  The 
operational  situation  may  be  more  appropriately  characterized  by  continuous  endeavor.  Ref.  2  (Morse 
and  Kimball)  again  gives  a  useful  result.  In  this  case,  t  is  a  continuous  measure  of  effort  using  one  tac¬ 
tic  and  E  the  same  measure  using  the  alternative,  e.g.,  time.  Under  Tactic  1,  m  successes  are  achieved; 
under  Tactic  2,  M  successes.  Let  p  be  the  effectiveness  of  Tactic  1,  and  P  of  Tactic  2,  then 

Pr(p  >  P)  «  <t>  |  /  [(m/e1)  +  (M/E*)]'"  }  (39-12) 

This  result  is  incorporated  graphically  in  Fig.  39-3  in  terms  of  continuous  efforts  e  and  E  expended  on 
Tactics  1  and  2,  resultinjg  in  m  and  M  suctesses. 


39-3  COUNTERING 
39-3.1  METHOD 

The  weapon  systems  analyst  does  not  ordinarily  invent  new  weapons,  nor  does  he  ordinar  ly  invent 
their  countermeasures  (although  he  may).  He  does  need  to  be  able  to  anticipate  more  or  less  suc¬ 
cessfully  the  general  nature  of  a  counter  or  counter-counter,  however.  This  kind  of  anticipa  tion  is  in 
part  scientific  and  in  part  simply  art.  There  are  very  few  advances  in  science  which  are  unique. 
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Ratio  Si  crsne*  to  Trials  s  n  for  Tactic  I 


From  Methods  of  Operations  Rt search.  First  Edition,  Revised,  by  P.  M.  M  ,se  and  G.  M.  Kimball.  Copy¬ 
right  ©  1950  by  The  MIT  Press.  Reprinted  by  permission  of  The  MIT  Press 

Figure  39-2.  For  s  Successes  Oul  of  n  Discrete  Trials  of  Tactic  1  and  S  Successes 
Out  of  .V  Trials  of  Tactic  2,  a  Point  is  Determined  on  the  Plot 


Generally,  the  state  cf  knowledge  in  any  partiruiar  field  is  such  that  a  breakthrough  could  be  accom¬ 
plished  by  any  of  a  number  of  experimenters,  even  with  wartime  security  measures.  This  diffusion  of 
knowledge,  during  peacetime  at  least,  is  more  or  less  intentional  and  in  keeping  with  the  scientific 
tradition,  taking  place  largely  through  professional  literature,  symposia,  etc.  Durm"  wartime,  the 
scientists  pf  one  nation  have  the  peacetime  baseline  of  their  enemy  plus  their  own  experiments  and 
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R»lio  Effort  Ej^ndrd  on  T«ctic  !  to  Effort  Extended  on  T»rtie  2  f  E 


From  M'tkodi  of  Ofxratioru  Reita'ch ,  First  Editi  >n,  Rrviseu,  by  p.  M.  Morse  and  G.  M.  Kimball.  Copy¬ 
right  ©  1950  by  The  MfT  Press.  Reprinted  by  permission  of  The  MIT  Press. 

Figure  39*3.  Continuous  Effort  r  and  E  Expended  on  Tactics  !  and  2, 
Respectively,  Resulting  in  m  and  M  Successes,  Respectively 

developments  to  formulate  an  estimate  of  enemy  capability.  This  estimate  can  be  enhanced  through 
overt  and  covert  observation  of  enemy  progress.  Overt  observation  can  be  in  the  form  of  a  systematic 
scanning  of  the  several  natural  phenomena  associated  with  potential  weaponry — e  g.,  the  elec¬ 
tromagnetic  spectrum,  radiological  background  condition,  or  seismography.  Covert  observation — i.e., 
espionage  and  related  activities — while  important,  is  not,  however,  the  subject  of  this  discussion. 

A  weapon  system  or  subsystem,  by  its  nature,  uses  energetic  processes.  Previous  chapters  have 
pointed  out  to  some  extent  how  these  processes  work  and  how  they  interact  w;tb  the  enemy.  If  a  causal 
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network  is  constructed  from  a  measure  to  its  impact  on  its  intended  victim — and  if  this  chain  is  con¬ 
sidered  in  relationship  to  the  natural,  physical  environment — then  a  large  number  of  the  countering 
possibilities  can  be  enumerated.  Consider,  in  this  light,  the  German  U-boat  experience.  The  link  in  the 
causal  chain  that  concerned  the  Germans  was  detection.  They  rightly  considered  the  possibility  of 
detection  means  other  than  radar,  i.e.,  ir  emission  and  radiation  from  their  superheterodyne  receiver. 
Fig.  30-4  conveys  the  idea. 

The  analysis  suggested  by  Fig.  39-4  is  incomplete  in  that  it  lacks  a  dimension,  namely,  frequency. 
This  is  suggested  by  re>  ising  Fig.  39-4  into  that  shown  in  Fig.  39-5.  The  vertical  axis  may  be  thought  of 
as  “means  of  detection",  the  axis  perpendicular  to  the  page,  labeled  “frequency”,  is  the  missing 
dimension. 

Identifying  the  dimeasions  is  where  “art",  or  subjective  thinking,  is  involved.  To  make  this  point  in 
extreme  fashion,  the  analyst  should  note  that  science  is  far  from  certain  that  ail  the  natural  field 
phenomena — such  as  electrostatic,  magnetic,  or  gravitational — have  been  identified.  Were  some  such 
phenomenon  to  be  discovered  in  secret  and  turned  to  military  purposes,  an  enemy,  in  seeking  to  con¬ 
struct  a  causal  network  similar  to  that  depicted  in  Fig.  39-5,  would  fail  because  the  one  essential 
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dimension  of  his  analysis  would  be  missing.  Descriptions  of  light  sources,  prior  to  the  discovery  of  the 
laser,  would  have  been  limited  to  those  characteristics  which  could  be  defined  by  the  spectral  density, 
i.e.,  amplitude  and  frequency.  The  characteristics  now  known  as  "coherence"  would  most  likely  not 
ha/e  been  mentioned. 


3X3.2  MODES  OF  CLASSIFICATION 

Measures,  countermeasures,  and  counter-countermeasures  may  be  classified  by  whether  or  not  their 
employment  is  directly  observable  by  the  enemy.  This  amounts  to  classification  by  the  energy  source 
which  enables  them  to  produce  their  effect. 

39-3.2.1  Passive  Mode 

The  passive  mode  is  characterized  by  the  system  being  an  absorber  of  energy  or  information  in  some 
channel  of  interest,  even  though  it  may  be  a  net  emitter  also.  A  radio  direction  finder  is  such  a  device.  It 
listens  in  a  frequency  band,  even  though  it  radiates  heat  energy  and  perhaps  radio  energy  at  some 
other  frequency. 

The  passive  mode  characterizes  most  countermeasures  designed  to  protect.  As  exemplified  by  the 
radio  direction  finder,  many  radiation  receiving  devices  are  passive  devices  used  for  search,  detection, 
and  tracking.  However,  this  classification  can  also  be  extended  to  include  many  other  objects  and 
systems  designed  for  defense — such  as  armor,  shielding,  and  evasive  maneuver. 

39-3.2.2  Semi  passive  and  Semiactive  Modes 

These  modes  are  descriptive  of  information  gathering  systems.  Information  must  be  conveyed  by  a 
transfer  of  energy.  If  the  source  of  energy  is  some  part  of  the  natural  environment,  such  as  the  sun,  and 
'his  energy  falls  upon  some  object,  is  then  modulated  in  some  unique  way,  and  then  is  received  and 
processed  by  a  third  object  or  device,  this  third  device  is  said  :o  be  semipassive.  If  the  source  of  energy 
is  an  object  other  than  the  receiver-processor  and  the  subject  of  observation,  and  if  this  energy  source  is 
under  the  control  of  the  observer,  then  such  system  is  said  to  be  semiactive.  A  man  reading  by  the  light 
of  the  sun  constitutes  a  semipassive  system,  while  one  reading  by  candlelight  is  a  semiactive  system. 


J9-32J  Active  Mode 

Active  systems  are  those  that  contain  the  energy  necessary  for  them  to  produce  their  designed  and 
desired  effect.  In  the  field  of  sensors,  especially  those  employing  fccho  ranging,  e  g.,  radar  and  sonar; 
the  energetic  source  is  located  within  the  device.  This  notion  can  be  extended  to  include  those  sub- 
sytems  which  actually  fire  projectiles;  hence,  the  machine  gun  is  considered  an  active  device.  For  other 
obvious  reasons,  so  is  the  nuclear  bomb. 


39-4  ELECTRONIC  WARFARE 

Mon  of  the  terminology  and  concepts  used  in  this  chapter  were 
trunk  warfare.  Electronic  warfare  is  defined  as  that  division  of  the 
actions  taken  to  prevent  or  reduce  an  enemy’s  effective  use  of  radia? 
lions  taken  to  ensure  our  own  effective  use  of  radiated  electromagn 
eluding  th;  visible  portion  of  the  electromagnetic  spectrum,  embi 
and  missile  guidance  systems.  Hitherto,  these  activities  have  been 
ing  and  transmitting  military  information  in  the  search,  detection], 
combat  encounter.  Recent  developments,  however,  indicate  that 
five  weapon  as  well  as  a  metering  or  guidance  device. 


developed  to  meet  the  needs  of  elec- 
military  use  of  electronics  involving 
ted  electromagnetic  energy  and  ac¬ 
etic  energy.  Electronic  warfare,  in¬ 
races  both  communication  systems 
more  or  less  concentrated  on  gather- 
,  tracking,  or  guidance  phases  of  the 
the  laser  may  be  f:sed  as  a  destruc- 
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Measures  taken  to  counter  electronic  warfare  activities  are  called  electronic  countermeasures 
(ECM),  and  measures  taken  to  counter  ECM  activities  are  called  elecfonic  counter-count ermeasuies 
(ECCM). 

The  treatment  here  of  electronic  warfare — vulnerability.  ECM.  and  ECCM — is  elementary,  just  to 
introduce  these  concepts  as  they  rela.e  to  countermeasures  and  counter-count ermeasures.  Refs.  6-12 
present  a  detailed  treatment  of  the  subject. 


39-4.1  PASSIVE  SYSTEMS 
39-4.1.1  Radio  and  Radar  Receivers 

Whether  they  are  used  as  measures  or  countermeasures,  receivers  are  subject  to  countering.  The 
simplest  and  most  effective  wav  to  counter  a  passive  receiver  is  simply  to  shut  down  transmission. 

An  alternative  to  closing  down  transmission  entirely  is  to  transmit  at  random  times  for  random  time 
durations.  If  this  is  coupled  with  a  random  selection  of  frequencies,  over  some  band,  then  the  passive 
receiver  operator  is  confronted  with  a  search  problem  that  w  ill  lessen  the  flow  rate  of  received  informa¬ 
tion. 

It  may  be  that  the  combatant  believes  other  tactical  considerations  to  be  overriding  and  will  elect  to 
radiate  rather  than  shut  down.  In  some  instances,  shielding  may  be  used,  either  natural  or  manmade. 

An  example  of  the  use  of  natural  shielding  is  the  placement  by  the  US  Air  Force  of  its  extensive 
ECM  training  facilities  in  the  western  de  ert.  The  purpose  was  to  shield  the  signals  generated  there 
from  foreign  electronic  intelligence  (ELINTi  trawlers  operating  off  the  California  coast.  The  shielding 
effect  is  provided  by  the  sharply  rising  Sierra  Nevada  Mountain  Range.  See  Ref.  13.  page  101. 

High  gain  transmitting  antennas,  in  effect  a  form  of  shielding,  are  often  effective  counters.  By  sup¬ 
pressing  radiation  in  all  but  the  preferred  direction,  the  combatant  is  able  to  deny  his  signal  to 
receivers  not  located  along  this  axis. 

Decoys  and  other  deceptions  may  also  be  employed.  A  decoy  generates  a  radiant  signal  similar  in 
frequency,  modulation,  and  power  to  that  of  the  real  target,  but  follows  a  separate  path;  thus 
presenting  the  receiver  with  *he  problem  of  selecting  which  of  possibly  many  signals  belongs  to  the  true 
target.  A  totally  spurious  signal  could  be  generated  to  confuse  an  FLINT  operator,  causing  him  to  at¬ 
tempt  to  analyze  or  make  inferences  concerning  a  nonexistent  electronic  weapon. 

As  has  been  mentioned,  some  purely  passive  receivers  radiate  in  channels,  i.c.,  frequencies,  other 
than  those  being  monitored.  Those  that  do  are  subject  to  passive  countermeasures  such  as  homing  or 
direction  finding. 

39-4.1.2  Electro-Optical  Receiver* 

Guidance  systems  based  on  television  and  ir  receivers  have  been  shown  to  be  subject  to  counter¬ 
measures.  Camouflage,  Smoke,  and  other  shielding  arrangements  <  auld  effectively  counter  <mch 
devices.  If  guidance  data  are  transmitted  to  a  warhead,  such  as  a  bomb  or  missile,  from  a  remote  com¬ 
mand  or  processing  station,  then  such  transmissions  could  be  jammed. 


39-4.2  SEMIPASSIVE  AND  SEMIACTTVE  SYSTEMS 

These  systems  employ  a  longer  energy  path  than  do  passive  systems,  since  the  object  of  interest  must 
be  irradiated.  More  countering  opportunities  exist,  therefore,  along  this  longr'  path.  Semiactive 
systems  are  subject  to  attack  on  the  illumination  source,  be  it  radar  or  light.  For  example,  a  w  irhead 
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which  is  guided  to  its  target  by  a  reflected  laser-orginated  light  could  be  rendered  impotent  by  a  suc¬ 
cessful  attack  on  the  source  laser.  The  same  principle  applies  to  systems  using  ir  illumination. 

Evasive  maneuvering  can  be  an  effective  counter.  Such  maneuvering  can  be  considered  to  be  either 
radial,  along  the  line  of  sight  (LOS);  or  transverse,  across  the  LOS.  If  the  source  of  illumination  is 
man-made,  the  effectiveness  of  the  two  forms  of  evasive  maneuver  will  depend  on  the  range.  If  the  il¬ 
lumination  is  natural,  e  g.,  the  sun  or  moon,  then — because  of  the  pervasiveness  of  the  illuminant — 
maneuvering  is  not  as  c  active  as  hiding  or  using  camouflage.  Consider  man-made  illumination,  either 
electromagnetic  or  aco  ..tic.  All  such  energy  transmissions  are  subject  to  the  inverse  square  law.  Let  /« 
be  the  intensity  of  incident  radiation  (including  acoustic  radiation)  on  a  target.  Then 

1R  =  /VG/(4*7?*),  W*m'*  (39-13) 

where 

I’T  =  power  source,  VV  9  2k 

G  =•  gain  of  the  transmitter,  dimensionless 
R  =  range,  m. 

Increasing  the  range,  i.e,  radial  flight,  by  an  amount  A/?  will  change  the  incident  intensity  by 

A/*  =  —/VGA/?/ (2*7?*).  (39-14) 

Ecj.  39-14  shows  that  at  great  ranges,  i.e.,  large  /?,  the  incremental  effect  of  flight  is  smaller  than 
when  the  target  is  close  in. 

On  the  other  hand,  if  the  target  can  evade  in  a  direction  perpendicular  to  the  LOS  and  contact  is 
broken,  the  radiant  source  would  have  to  enter  a  search  mode.  In  general,  this  requires  an  increase  in 
beam  width,  resulting  in  a  reduction  in  gain  if  the  power  is  constant.  This  will,  from  Eq.  39-13,  reduce 
incident  intensity.  Since  detection  probability  depends  on  the  signal-to-noise  ratio,  this  reduction 
could  make  redetection  very  difficuL,  if  not  impossible.  Thus,  there  will  generally  be  a  range  beyond 
which  tracking  is  possible,  but  redetection  is  not.  At  such  ranges  tangential  maneuvering  is  likely  to  be 
effective.  At  closer  ranges,  direct  radial  flight  might  be  preferred. 

39-4.3  ACTIVE  SYSTEMS 

Active  systems  may  requ-'e  an  even  longer  information  path.  All  of  the  previously  mentioned  coun¬ 
tering  techniques  pertain  to  active  systems,  plus  a  few  more. 

Jamming  is  perhaps  the  most  effective  counter.  If  conducted  at  sufficiently  high  power  levels,  it  can 
completely  negate  the  effect  of  the  radar.  Jamming  can  itself  be  countered  by  frequency  shifting  or 
through  the  use  of  home-on-jam  missiles.  If  the  jammer  is  the  target  itself,  and  if  the  target  is  closing  on 
the  radar,  as  an  incoming  air  target  would,  then  there  is  a  range  short  of  which  the  jammer  signal  will 
be  less  than  that  of  the  target  itself.  This  range  is  called  the  crossover  range  or  self-screening  range  R„ 
and  is  given  by 

/?..  »  ( PTGAT/(4wPj)Vn ,  m*  (39-15) 

where 

PT  =»  transmitter  power,  W 
G  =  antenna  gain,  dimensionless 
A T  =*  target  cross  section  area,  m* 

Pj  m  jammer  power,  W. 

Another  counter  to  radar  is  chaff.  Airborne  targets,  such  as  attacking  aircraft,  may  be  preceded  by 
other  aircraft  which  dispense  the  chaff  particles  or  ribbons.  Chaff  is  composed  of  lightweight  con¬ 
ducting  mateiials  cut  to  lengths  designed  to  produce  maximum  echo  intensity  in  the  radar.  Thus,  an 
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approach  corridor  of  more  or  less  solid  radar  retu;  ,  is  established  within  which  raiding  aircraft  can  ap¬ 
proach.  The  radar  operator  may  know  that  attacking  aircraft  are  approaching,  but  he  may  not  be  able 
to  estimate  their  number  or  altitude,  nor  will  he  be  able  to  conduct  intercepts  or  provide  a  missile  bat¬ 
tery  with  an  acquisition  assignment.  Several  tactical  variations  can  be  built  around  a  basic  chaff  at¬ 
tack,  one  being  the  creation  of  diversionary  corridors  against  which  the  radar  operator  and  his  defense 
will  have  to  respond,  but  within  which  there  will  be  no  attacking  aircraft.  See  Ref.  13  for  details. 

An  attacking  aircraft  may  dispense  its  own  chaff.  Thus  it  will  be  continually  moving  out  of  its  chaff 
cover,  but  some  protection  is  provided. 

Decoys  are  also  used  to  counter  radar.  A  decoy  is  simply  a  device  having  the  same  radar  echo  as  the 
target  which  it  protects.  It  will  move  at  like  speeds  and  maneuver  in  similar  fashion  to  the  real  target. 
Decoys  may  also  be  used  to  protect  stationary  targets. 

Coating  materials  are  available  which  reduce  the  radar  reflectivity  of  a  target. 

Several  forms  of  deception  are  possible  for  targets  having  sufficiently  sophisticated  equipment.  The 
radar  target  could  carry  a  receiving  device  with  the  capability  to  measure  the  pulse  repetition  rate, 
sweep  rate,  frequency,  pulse  length,  etc  ,  and  then  generate  spurious  signals  at  times  before  and  after 
its  own  illumination  by  the  radar.  If  these  sigrals  are  emitted  at  the  correct  power  and  are  coordinated 
properly,  the  radar  operator  is  presented  with  a  multitude  of  false  targets  at  various  ranges  and  bear¬ 
ings  moving  on  various  paths.  A  variant  of  this,  somewhat  akin  to  jamming,  is  to  amplify  the  received 
radar  pulse  and  transmit  it  hack  with  a  near  zero  delay  time  and  thus  saturate  the  radar  receiver. 

A  counter  to  this  form  of  deception,  a  counter-countermeasure,  is  to  vary  the  pulse  repetition  rate 
randomly.  This  is  called  jittering.  By  doing  this,  the  time  of  the  next  target  illumination  is  unknown  to 
the  target.  A  counter  to  this  is  possible  if  the  jitter  rate  is  not  truly  random  but  follows  a  discernible 
pattern. 

Finally,  the  anticipated  use  of  high  powered  coherent  light  beams,  generated  by  continuous  wave 
lasers,  is  becoming  a  reality.  Ref.  14,  page  17,  cites  the  achievement  of  continuous  power  outputs  of 
8.8  kW,  which  is  more  than  enough  to  cause  physical  damage  to  various  kinds  of  targets.  Anticipated 
uses  of  such  devices  range  from  antiair  warfare  and  missile  defense  to  direct  battlefield  application. 
Since  the  destructive  energy  travels  at  186,300  mi*s-1  (the  speed  of  light),  the  fire  control  problem  is 
simplified,  and  the  waiting  time  to  evaluate  results  is  reduced.  Potential  countermeasures  are  shielding 
and,  due  to  the  extremely  narrow  beamwidth,  evasive  maneuver. 

39-5  COUNTERING  DAMAGE  MECHANISMS 

Throughout  this  handbook,  we  have  discussed  the  means  and  mechanisms  by  which  a  target  may  be 
damaged  or  killed,  often  evaluating  the  specific  ways  in  which  the  mechanisms  produce  their  destruc¬ 
tive  effect.  By  applying  appropriate  methodology,  the  analyst  can  develop  an' exhaustive  list  of  possible 
countermeasures.  This  technique  amounts  to  an  algorithm  for  producing  such  lists,  and  for  this  reason 
it  is  unnecessary  to  produce  such  an  exhaustive  list  here.  An  example  of  the  method  may  be  provided, 
however. 

Example:  Nuclear  warheads  produce  the  following  effects: 

1.  Blast 

2.  Heat 

3.  Radiation: 
a.  Initial: 

(1)  Neutrons 

(2)  Alpha  particles 
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(3)  Beta  particles 

(4)  Gamma  rays 

b.  Residual,  radioactive  isotopes. 

Thus,  to  construct  a  list  of  potential  countermeasures  to  a  nuclear  warhead,  examine  each  effect  and 
consider  a  countermeasure.  Consider  the  radiant  heat  accompanying  the  explosion  and  fireball,  for  ex¬ 
ample.  Water  particles,  dust,  and  other  airborne  particles  between  the  source  and  the  target  greatly  at¬ 
tenuate  and  scatter  infrared  radiation.  Thus,  a  blanket  of  fog  or  smoke  might  protect  a  target  from  a 
large  proportion  of  the  radiant  heat.  Although  naturally  occurring  fog  or  smoke  cannot  be  relied  upon 
to  be  present  at  the  time  of  attack,  generating  fog  or  smoke  cheaply  and  in  quantity  may  be  listed  as  a 
counter.  This  has,  in  fact,  been  considered.  Ref.  15  shows  that  90%  of  incident  energy  can  be  shielded 
at  costs  as  low  as  S33  per  person  shielded.  This  reference  also  discusses  further  refinements  and  ap¬ 
proaches  to  this  kind  of  shielding.  Perhaps  this  type  of  approach  will  be  of  some  help  to  the  analyst. 

39-6  SUMMARY 

Measures  of  military  importance  arise  in  two  ways: 

1.  In  response  to  perceived  military  needs 

2.  To  exploit  a  new  scientific  development  or  capability. 

A  perceived  military  need  may  not  necessarily  find  a  means  of  satisfaction  however,  and  a  new 
technological  advance  need  not  have  a  military  application.  There  are  thus  elements  of  uncertainty 
and  chance  permeating  the  entire  area  of  weapon  systems  analysis.  The  analyst  must,  therefore,  allow 
his  imagination  some  reign,  but  at  the  same  time  he  must  possess  scientific  knowledge,  at  least  to  the 
extent  that  excessive  time  and  funds  are  not  expended  in  pursuit  of  objectives  which  require  violation 
of  the  Known  physical  laws,  e  g.,  the  second  law  of  thermodynamics.  On  this  last  point,  even  here  the 
analyst’s  door  must  always  remain  slightly  ajar! 

The  analyst’s  ability  to  forecast  the  overall  effect  of  a  system  depends  in  large  part  on  his  ability  to 
anticipate  countermeasures  which  the  enemy  might  take.  The  effectiveness  of  a  system,  or  its 
“measure”,  is  a  conditional  thing.  Its  potential  worth  is  inversely  related  to  the  ease  with  which  an 
enemy  can  counter  it,  and  this  point  must  be  strpngly  emphasized. 

There  are  two  ways  that  counters  can  be  anticipated: 

1.  Search  for  effective  counters  in  the  space  of  the  “measure”. 

2  Search  for  the  counter  in  an  enlarged  space,  i.e.,  search  for  ways  ip  which  the  space  could  be 
enlarged. 

The  first  method  is  easier.  To  counter  a  heavier  arrow,  where  the  space  is  the  dimension  termed 
kinetic  energy,  one  could  build  a  thicker  shield,  which  seeks  only  to  diminish  the  effect  in  the  original 
dimension.  However,  an  order  of  magnitude  improvement,  an  increasing  return,  may  be  gained  if  the 
arrow  is  countered  in  a  new  and  unexpected  way,  e.g.,  by  gunfire.  Here  the  new  dimension  can  be 
viewed  as  “counter  with  chemical  energy”. 

In  order  to  search  for  a  counter  in  an  enlarged  space,  the  analyst  breaks  down  the  process  in  ques¬ 
tion  into  its  most  essential  characteristics,  supplying  as  he  can  dimensions  which  are  not  really  in  the 
state  of  the  art,  but  which  are  feasible  or  conceivable.  There  define  the  regions  in  which  the  least 
expected,  and  therefore  most  potentially  effective,  counters  are  possibly  to  be  found. 

There  remains  much  room  for  novel  analyses  or  play  of  games. 
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CHAPTER  40 

INTRODUCTION  TO  WAR  GAMES  AND  COMPUTERIZED 
SIMULATIONS  OF  COMBAT 

A  historical  sketch,  is  given  of  war  games,  their  development,  and  uses  or  play  over  the  many,  many  years  oj  military 
experience  with  them.  Computerized  simulations  of  combat  are  also  covered  in  some  illustrative  detail,  and  many  oj  the 
curr  t  combat  analysis  models  are  summarized  or  highlighted  Jar  the  new  or  young  weapon  systems  analyst.  War 
games  and  other  simulations  of  combat  have  been  found  to  be  of  enormous  benefit  in  the  training  of  military  strategists 
and  tacticians.  Also  combat  analysis  models  represent  the  best  currently  known  attainments  m  military  operations 
research  to  study  the  effectiveness  of  tactics,  weapons,  and  the  environment  in  two-sided,  complex  conflicts  between  op¬ 
posing  forces.  However,  some  cautionary  measures,  must  be  taken  to  apply  and  develop  further  many  of  the  combat 
analysis  models  —  especially  in  connection  with  guaranteeing  realism,  accounting  properly  for  interactive  processes,  and 
establishing  significant  results  through  analytical  means.  7 he  chapter  is  concluded  w  ith  the  idea  of  a  "near  real  time 
casualty  assessment  ”  type  of  field  experiment  which  might  be  used  as  an  aid  in  the  cahdatinn  process  oj  nine  combat 
analysis  models. 

40-0  LIST  OF  SYMBOLS 

A  =  remaining  number  of  rounds 
a  =  standard  deviation  in  dispersion  at  zero  range 
b  =  standard  deviation  in  dispersion  at  0.707  maximum  range 
c  =  standard  deviation  in  dispersion  at  maximum  range 
DGF  -  radar  degradation  factor  r 

d  -  constant 

F  =  number  of  weapons  fired ' 

•  t  1 

H  =  total  number  of  hits  =  £  h(r) 

i  - 1 

h(i)  =  designation  which  is  1  if  a  hit  occurs  and  zero  if  not 

k  =  designation  which  is  1  if  a  target  kill  is  obtained  and  is  zero  otherwise 
k  =  firing  symbol  for  CARMONETTE  (or  a  “kill”) 

M  =  square  of  the  maximum  range  of  the  weapon  empl  oyment  in  CARMONETTE 
N  -  number  of  rounds  per  trigger  pull 
P{k  j h)  =  conditional  chance  that  a  hit  is  a  kijl 
P(r)  —  single-shot  hit  probability  at  range  r 
i°o  =  chance  of  target  detection 
p  =  priority 

R  -  equivalent  radius  of  (“circular”)  target 
RRoaj  -  i/\{DGF)(rmaI)\  =  adjusted  i  ange  ratio 
r  -  observer-target  range 


range 

maximum  effective  range 
speed  of  unit  i  at  time  ( t  -  At) 
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-  time  ■ 

A/  =  small  time  increment 
tl.tt  =?  given  time  in  a  simulation 
v,v  =  coordinates  for  two  dimensions 
v.i  w  =  representation  for  a  square  or  grid  in  a  simulation 
x(i)  =  random  number  generated  from  a  uniform  distribution 
x(  j)  =  random  number  generated  from  a  uniform  distribution 
v„,  v«  =  coordinates  at  time  t  for  unit  i 
v<,r-A(,  Yi.t-xt  =  coordinates  at  time  (/  —  A/)for  unit  i 
Z  =  minimum  of  A  and  \F  =  min(d,  .\F) 

8i.t-u  —  azimuth  on  which  unit  i  is  moving  at  the  instant  (t  —  At) 
a(r)  =  standard  deviation  of  weapon  dispersion  at  range  r 


40-1  INTRODUCTION 

Because  of  the  complexities  that  may  be  involved,  it  is  almost  impossible  or  at  least  very  improbable 
to  find  suitably  accurate  analytical  models  for  describing  all  types  of  combat,  especially  the  more  com¬ 
plex  ground  battles  among  heterogeneous  forces.  The  better  military  decisions,  therefore,  must  depend 
on  expert  or  suitably  capable  fighting  experience,  or  special  training  and  study.  Moreover,  when  a  ma¬ 
jor  nation  is  involved,  as  is  always  true,  in  the  development  of  new  weapons,  the  task  of  finding  the  best 
ways  to  fight  a  potential  enemy  becomes  more  critical.  Then  again,  there  is  also  the  need  to  train  new 
troops  and  new  commanders  for  the  possibility  of  military  conflict  with  all  probable  enemies.  This  lat¬ 
ter  problem  often  has  been  solved  by  the  use  of  war  games,  or  simulations  of  combat  conditions  of  in¬ 
terest.  With  the  advent  of  the  high-speed  electronic  computer,  there  exists  a  huge  capability  to 
simulate  battles  and  conduct  appropriate  analyses  of  all  kinds  to  study  various  hypotheses  concerning 
weapons,  tactics,  the  effectiveness  of  different  individuals  as  commanders,  or  other  military  problems 
of  interest. 

The  experience  in  military  operations  research  in,  the  last  decade  has  established  the  heed  for  in¬ 
creasing  the  emphasis  on  operational  gaming  as  a  research  and  development  tool,  as  well  as  for  train¬ 
ing  purposes.  Since  the  young  analyst  will  very  likely  be  required  to  program  and  conduct  combat 
simulations  of  different  kinds  in  his  various  applications  of  weapon  systems  analysis  techniques,  it  is 
important  to  give  an  informative  account  of  war  games  and  combat  simulations. 


40-2  WAR  GAMES 

40-2.1  SOME  HISTORICAL  HIGHLIGHTS  UP  TO  WORLD  WAR  I 

A  study  of  pertinent  literature  on  the  subject  will  show  that  the  concept  of  war  games  is  very  old.  In 
fact,  war  games  may  be  traced  to  very  early  times  when  they  involved  mostly  a  modification  of  the 
game  of  chess,  used  principally  for  pleasure,  and  advanced  all  the  way  through  to  a  period  of  great  im¬ 
portance  in  the  military  profession  as  an  aid  to  training  officers.  A  good  historical  account  of  war 
games  is  given  by  Young  in  Ref.  1.  Young  points  out  that  as  the  value  of  the  war  game  grew  over  the 
years,  so  did  the  complexity  of  the  scheduled  play  to  represent  reality. . 

For  our  purposes,  war  games  m2y  be  defined  as  an  imaginary  military  operation — usually  conduct¬ 
ed  on  a  map  or  terrain  board — employing  various  movable  devices  which  are  intended  to  represent 
the  opposing  (Blue)  and  (Red)  forces,  and  which  are  moved  about  to  reflect  the  conditions  of  actual 
warfare.  Thus  it  is  seen  that  many  different  types  of  possible  military  operations  may  be  played — 
including  offensive  or  defensive  type  operations,  infantry  batti  s,  tank  battles,  small  engagements, 
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large  engagements,  or  even  beachhead  type  activities.  Obviously,  the  potential  of  military-  games  is 
very  great,  especially  if  the  players  can  represent  realism  accurately.  Thus  the  war  game  offers  an  in¬ 
valuable  tool  lor  training  and  other  purposes.  In  fact,  the  amount  of  intelligence  may  be  controlled  on 
both  sides  so  that  very  informative  results  may  be  derived  from  appropriately  played  war  games. 

We  quote  from  Young  (Ref.  1)  and  summarize  much  ofhis  contributions  which  are  needed  for  the 
inexperienced  analyst: 

“Most  war  games  are  played  on  a  map,  although  sand  tables  are  often  used,  and  small  blocks  or 
special  pins  are  used  to  represent  troops  and  their  equipment.  When  blocks  are  used,  they  are  often 
made  to  scale  and  occupy  a  proportionate  area  on  the  map.  The  blocks  are  moved  under  the  supervi¬ 
sion  of  an  umpire  and  according  to  the  desires  of  the  opposing  players  at  rates  determined  by  the 
various  arms  of  service  represented.  When  the  blocks  have  attained  positions  so  that  there  exists  a  good 
possibility  that  hostile  troops  are  within  sight  or  range  of  each  other,  it  is  assumed  that  a  battle  will  oc¬ 
cur.  It  then  becomes  the  umpire’s  duty  to  decide  the  result.  This  decision,  depending  on  the  type  of 
war  game  being  played,  may  be  based  solely  on  the  judgment  and  experience  of  the  umpire,  or  it  may 
be  based  on  prepared  data,  charts,  tables,  calculations,  and  other  detailed  aids.  Data  are  frequently 
obtained  from  similar  circumstances  in  actual  battles.  Occasionally,  dice  or  Monte  Carlo  methods  are 
used  to  decide  the  outcome  of  those  situations  involving  chance  elements. 

“Many  of  the  modern  map  maneuvers  utilize  celluloid  sheets,  which  are  placed  over  the  maps,  and 
on  which  are  penciled  the  positions  of  the  opposing  troops  and  their  formations.  After  each  phase  of  a 
battle,  such  sheets  may  be  stored  for  future  reference,  or  the  penciled  marks  may  be  erased  and 
redrawn  according  to  the  changing  conditions. 

[One  of  the  very  early  war  games  was  “Kriegsspiel”,  or  war-play,  which  represented  a  detailed  com¬ 
bat  simulation  that  originated  in  the  early  Prussian  Army.  The  primary  use  of  Kriegsspiel  was  to  study 
tactics  and  strategy,  and  for  this  purpose  it  was  played  by  high-ranking  officers  of  the  Prussian  Army.] 

“The  apparatus  required  for  playing  Kriegsspiel  included  maps  that  were  carefully  drawn  to  scales 
of  6  to  8  inches  to  the  mile;  blocks  that  were  proportioned  for  use  with  the  maps  and  were  intended  to 
represent  the  various  branches  of  the  service  involved;  and  strings  of  beads  that  were  laid  on  the  maps 
and  were  used  to  represent  frontages  of  formations  and  movements  of  cavalry.  The  game  was  directed 
by  an  umpire,  who  had  several  assistants  available  and  who  determined  the  course  of  the  game  after 
evaluating  the  movements  and  decisions  made  by  players  assigned  the  command  of  the  opposing  ar¬ 
mies  Neither  of  the  commanders  was  permitted  to  see  in  detail  the  dispositions  of  the  opposing  forces. 
Limited  information  was  given  to  each  commander  regarding  strength  and  disposition  of  the  enemy, 
state  of  the  roads,  season  of  tue  year,  and  the  supply  situation.  Tables  and  charts  were  usually 
prepared  in  advance  from  which  losses  were  calculated  by  the  umpire,  and  those  situations  which 
could  not  be  resoived  by  the  use  of  such  data  were  frequently  decided  by  dice.  The  action  in  the  game 
was  developed  until  a  point  was  reached  whereby  victory  could  be  declared  for  one  side  or  the  other. 

“According  to  Farrow  (Ref.  2): 

The  principal  utility  of  the  [Kriegsspiel]  game  appears  to  be  in  the  arrangements  previous  to  and 
during  the  early  conduct  of  the  action.  When  the  troops  get  to  close  quarters,  the  element  of  chance  en¬ 
ters  so  largely  into  the  game  that  it  destroys  to  a  very  great  extent  the  dependence  that  may  be  placed 
on  the  issue  of  the  battle.  The  game,  however,  affords  great  practice  in  the  drawing  up  of  the  order  of 
march  of  columns  previous  to  any  action,  and  the  development  of  the  columns  of  march  into  formation 
for  attack.  In  the  hands  of  men  having  some  military  experience,  this  game  becomes  a  certain  means  of 


acquiring  and  perfecting  a  science  which  in  time  of  peace  cannot  be  easily  acquired.  It  raises  questions 
which  are  strategical  problems  of  great  interest.” 
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Thus  we  see  that  even  though  war  games  often  are  played  according  to  some  very  definite  rules  and 
may  be  controlled  to  various  desired  extents  as  deemed  necessary,  there  ultimately  may  come  a  stage 
at  which  randomness  sets  in  and  could  more  or  less  take  over,  so  to  speak,  as  often  occurs  in  combat 
between  forces.  Games  that  are  controlled  in  one  way  or  the  other  are  often  referred  to  as  "deter¬ 
ministic"  or  "rigid",  whereas  if  chance  elements  are  somewhat  predominant— as  is  often  the  case  in 
actual  combat — such  war  games  are  termed  "stochastic".  Obviously,  the  personnel  conducting  the 
war  games  have  a  very  decided  effect  on  the  battle  simulated  and  hence  on  the  usefulness  of  results  or 
lessons  learned — regardless  of  whether  the  war  games  are  for  training  purposes  or  for  studying  the  ef¬ 
fectiveness  of  tactics,  weapons,  etc.,  or  the  effect  of  terrain  or  intelligence.  Hence  war  games  are  about 
as  good  and  useful  in  drawing  proper  inferences  as  is  the  very  wisdom  of  the  personnel  planning  or 
conducting  the  games. 

Points  in  favor  of  conducting  war  games  are  that  they  are  relatively  inexpensive,  they  may  be  played 
over  and  over  again  with  variations  likely  to  be  expected  under  real  combat  situations,  and  analyses  of 
the  outcomes  may  be  cx  . mined  for  possible  inferences  to  future  conflicts. 

Well-known  games  such  as  checkers,  chess,  bridge,  etc.,  are  played  according  to  very  strict  rules, 
and  the  competition  between  players  must  proceed  according  to  such  boundary'  conditions.  On  the 
other  hand,  games  simulating  combat  between  two  military  forces  permit  much  more  leeway  and  in- 
'  volve  the  experienced  judgment  of  field  commanders  so  that  the  better  ways  of  fighting  under  various 
sets  of  conditions  in  the  field  can  be  studied  with  some  realism.  Moreover,  a  voluminous  and  accurate 
amount  of  bookkeeping  usually  is  required  in  the  conduct  of  war  games,  even  to  make  valid  com¬ 
parisons  or  improve  the  training  of  personnel. 

The  Germans  were  not  the  only  ones  to  employ  war  games  extensively.  Farrow  (Ref.  2)  points  out 
that  the  Americans  developed  a  series  of  war  games  called  “Strategos'’ — Strategos  comes  from  the 
Greek  word  for  general — based  on  military  principles  which  were  designed  to  provide  training  and  to 
assist  both  beginners  and  advanced  students  in  war  gaming  procedures  applied  to  studies  of  tactics, 
strategy,  military  history,  and  other  aspects  of  war.  Whereas  Kriegsspiel  was  apparently  used 
primarily  for  part-time  play  and  to  train  the  upper  ranks  of  the  military,  Strategos  was  divided  into 
two  parts — the  Battle  Game  and  the  Advanced  Game — which  it  was  argued  was  more  detailed  and 
comprehensive;  this  enabled  both  the  lower  and  the  upper  ranks  to  be  trained  and  to  benefit  from  such 
games. 

According  to  Lt.  Totten  (Ref.  3): 

“Th c  battle  game  was  played  on  a  game  board  using  various  blocks  to  represent  armies  of  any  size 
and  organization.  The  different  components  of  the  armies  were  assigned  special  moves  and  powers, 
and  very  close  attention  was  paid  to  distances  and  orders  of  battle.  The  progress  of  the  game  was 
governed  by  carefully  compiled  rules.  However,  the  game  was  generally  kept  simple,  although  rathet" 
artificial,  and  was  designed  primarily  to  educate  novices  to  the  point  where  the  more  advanced  game 
could  be  played.  The  battle  game  was  intended  to  permit  military  men  of  any  rank  to  practice  the 
organization  of  forces,  their  dispositions,  the  formation  of  battle  lines,  and  orders  of  battle. 

“The  inclusion  of  the  battle  game  in  Strategos  was  an  application  that  was  claimed  to  have  been  .  .  . 
completely  overlooked  in  the  haste  to  present  an  advanced  and  necessarily  very  complicated  game  to 
those  few  special  students  whose  interest  and  professional  studies  may  lead  them  to  it.  The  great  m=:ss 
of  [American]  military  aspirants  .  .  .  will  thus  always  fail  to  find  interest  in  Kriegsspiel  because  of  its 
complexity  at  the  very  outset.  This  too,  in  small  degree  accounts  for  the  extreme  slowness  with  which 
this  game  [Kriegsspiel],  though  so  long  in  existence  abroad,  becomes  known  in  America  even  among 
officers  of  the  regular  army,  who  alone,  perhaps,  as  a  class,  can  afford  to  be  constant  players  of  it.  But 
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Strategic  ...  is  not  open  to  these  objections,  nor  does  it  by  any  means  neglect  the  special  wants  of 
those  ft ' %  w  hose  extensive  knowledge  of  the  military  art.  science,  and  history  ,  and  whose  more  than 
passing  object  in  study ant*  these  matters  would  demand  the  highest  and  most  scientific  application  of 
the  outfit.  With  suc  h  ah  application,  embodying  all  that  ts  valuable  in  the  German  and  English  games, 
and  introducing  many  new  and  noticeable  improvements  in  the  matter  of  methods,  men  and  tables .  .  . 
the  game  of  btrategos  does  naturally  and  appropriately  terminate.  Its  advanced  game  thus  affords  tc 
th  •  professional  military  men  every  opportunity  that  could  be  desired  for  pursuing  studies,  com¬ 
menced  in  more  elementary  fields  to  their  legitimate  termination.  In  this  ...  all  arbitrary  assignments 
of  values  and  moves  are  of  course  entirely  out  of  the  question  and  improper.  The  whole  game  is  re¬ 
quired  to  base  itself  upon  actL  mties,  upon  the  results  of  careful  investigations,  and  upon  the  tabulated 
statistics  of  experience,  of  actual  practice  and  of  former  battles  and  campaigns. 

'‘Considerable  effort  was  made  in  the  .  U!<a>i<n/  ( imne  portion  of  Strategos  to  provide  a  more  complex 
type  of  game  suitable  for  students  with  more  experience  and  military  know-ledge.  An  attempt  was 
made  to  conform  to  the  best  military- knowledge  available,  and  to  make  the  game,  through  its  direc¬ 
tion,  rules,  orders  of  procedure,  tables  and  charts,  approximate  as  closely  as  possible  all  the  features 
that  w'ould  be  pies'*!.,  in  actual  battle." 

Young  (Ref.  1)  gives  an  account  of  "ancient”  war  games  to  about  1824;  he  discusses  the  uses  of 
mathematics  and  scientific  principles  for  developing  models  or  combat  as  the  “vogue  of  military 
mathematics"  liom  aoout  1700  to  14)0,  and  then  covers  developments  in  the  early  nineteenth  centurv. 
It  is  an  interesting  historical  note  that  Napoleon  did  not  become  very  fascinated  with  the  “vogue  ot 
military  mathematics”  applied  to  war  games  at  the  timp.  In  fact,  Napoleon’s  tactics  showed  very  little 
respect  for  such  then -prevailing  concepts  of  fighting  wars — yet  he  swept  victoriously  across  Europe!  It 
is  said  (Ref.  1)  that  Napoleon  probably  planned  his  campaigns  well  in  advance  by  maneuvering  pins 
with  colored  heads  over  detailed  maps  of  the  actual  scenes  of  the  expected  military  operation.  Such  ac¬ 
tions  also  may  have  aided  the  Germans  very  much  in  both  World  War  I  and  World  War  II  because 
they  apparently  developed  such  techniques  of  planning  and  practice  for  fighting  battles  to  a  marked 
degree. 

The  credit  for  the  war  game  as  we  know  it  today  should  probably  go  to  Lt.  von  Reisswitz,  Jr.,  who 
was  a  Lieutenant  in  the  Prussian  Guard  Artillery  and  a  member  of  the  Artillery  Examining  Commit¬ 
tee.  Lt.  von  Reisswitz  acquired  his  interest  in  the  war  game  from  his  father,  who  was  a  civilian  and  also 
the  Prussian  War  Counselor  at  Breslau  (Ref.  1)  The  elder  von  Reisswitzmade  a  significant  advance 
in  the  war  game  by  transferring  it  :n  1811  from  the  chessboard  to  the  sane  table  which  used  a  scale  of 
1 :2373.  Troops  were  rep.  esented  by  squares  of  wood  on  which  symbols  for  the  branches  of  the  service 
were  pasted,  and  more  realis  ic  maneuvering  and  marching  of  columns  were  made  possible  because 
they  were  not  ret  tricteu  to  the  squares  of  the  chessboard. 

Lt.  von  R.eisswitz  conceived  the  general  idea  of  adapting  the  war  game  to  actual  military  operations 
or  campaigns.  anH  ;r.  f  G24  ne  transferred  the  game  to  realistic  map-like  charts  with  a  scale  of  1 :8000. 
Young  (Ref.  1 )  gives  the  following  account  of  the  apparatus  and  method  of  play  for  Lt.  von  Reisswitz’s 
war  game. 

“The  game  maps,  although  very  realistic  were  “idealized”;  they  did  not  represent  actual  terrain. 
They  were  usually  drawn  to  a  scale  of  i  :8000,  and  showed  approximately  4  squa  *e  miles  of  ground. 
Terrain  details  were  made  as  complete  as  possible,  considering  the  state  of  th  art  oi  mapmaking  dur¬ 
ing  this  period.  Blocks  or  pawns,  which  represented  the  troops,  were  made  oi  little  squares  of  lead,  and 
were  painted  red  foi  one  side  and  blue  for  the  other.  They  were  made  to  the  same  scale  as  the  map 
used,  and  convention  al  symbols  were  marked  on  the  blocks  in  order  to  indicate  the  arm  of  the  service 
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t.i;.d  ! lit*  numeric al  >uength  of  the  organic  subdivisions,  l  he  'game  outfit  included  dice,  dividers,  and 
scales  of  di»i4«nres  and  range-. 

"I  he  number  oi  placer*  varied  nee  subordinates  were  permitted  each  side,  but  the  minimum 
needed  to  play  the  game  was  three:  a  commander  lor  each  side  and  an  umpire.  The  decisions  of  the 
umpire  were  final:  th'-v  were  not  questioned  during  'he  course  of  the  game,  and  no  discussion  was  per¬ 
muted  until  alter  t|iv  otu  fusion  of  the  game  The  umpire  saw  to  it  that  the  troops  were  moved  in  ac¬ 
cordant  e  with  the  spint  *>,  the  orders  and  applicable  drill  regulations.  This  was  done  in  order  to 
lamiliari/e  the  placets  with  held  service  regulations  anr'  _o  create  an  appreciation  of  the  time  required 
ioi  the  movements  an<:  maneuvers. 

"  I  he'u.;\jiire  w;  s  kept  informed  of- ail  plans,  marches,  movements,  ambuscades,  etc.,  so  that  he 
cou.d  control  their  o-:cc  ut’on  and  avoid  improbable  situations.  He  required  the  plavers  to  maintain 
silence:  and  ail  orders,  reports,  and  intelligence  were  passed  through  him  and  were  transmit’ed  a.  the 
appropriate  time  to  ’he  parties  addressed  He  d  vulged  to  each  player  only  such  information  as.  in  his 
judgment,  cou.d  reasonable  come  from  patrols  or  other  recognized  sources 

"It  appears  that  the  important  (actor  in  every  action  in  the  game  was  the  estimation  of  the  time  re¬ 
quired  lor  the  execution  <>(  i»s  chiteient  phase  >.  In  order  to  provide  a  means  for  controlling  the  duration 
of  troop  movements,  and  indirectly  to  estimate  the  losses  sustained  on  both  sides  during  a  batt’e,  the 
lime  during  whic  h  an  action  was  developed  was  divided  into  intervals  of  2  minutes  each.  These  were 
tailed  rounds  and  onlv  such  movements  were  made  as  were  realistically  possible  in  this  time. 

I  tie  game  could  lx1  stopped,  as  desired,  and  a  particular  round  could  be  studied  in  detail. 

'  lo  begin  the  game,  the  umpire  gave  each  commander  a  general  hypothesis' and  a  ‘special  theme’ 

I  he  general  hypothesis  was  the  same  for  both  sides;  the  special  theme  was  not.  and  depended  on 
whether  the  side  was  attacking  or defending  and  on  various  aspects  of  the  situation.  The  general 
h*  p"’h  sis  contained  ail  ;he  necess  iry  information  on  the  projected  operation  and  the  general  situa¬ 
tion.  and  was  designed  to  promote  contact  by  the  opposing  troops  on  the  terr  .in  included  on  the  map 
I  he  special  themes  were  derived  front  the  general  hyt  uthesis  and  comprised  such  information  as  each 
commander  would  normally  (tosses*  concerning  the  strength  and  composition  oi  his  own  forces,  the 
mission,  and  the  enemv. 

“  I  he  players  were  required  to  t»e  familiar  with  the  function  of  each  arm  of  service,  and  the  disposi¬ 
tion',  the,  made  of  the  forces  were  often  a  test  c.‘  their  knowledge.  ITte  movements  on  the  map  were  the 
same  as  would  have  been  executed  on  actual  terrain  under  similar  conditions,  but  very  complicated  or 
unusual  maneuvers  were  excluded  from  the  game. 

“Having  received  his  general  hyjHtthesis  and  his  special  theme,  each  commander  prepared  written 
orders  and  delivered  them  to  the  umpire.  From  this  information  the  umpire  was  able  to  establish  the 
initial  situation,  and  onlv  the  troops  actually  visible  to  the  enemy  at  this  time  were  represented  cn  the 
map  Detachments,  patrols,  etc  .  were  represented  only  as  they  became  visible  to  e  enemy  or  his 
reconnaissance  rlem  nts  Account  was  taken  of  the  time  required  for  information  gained  by  patrol*  to 
lie  transmuted  tithe  leaders,  and  pawns  representing  troops  chus  discovered  were  not  put  on  the  map 
until  the  necessary  time  had  elapsed.  The  same  rule  applied  to  the  issuing  of  orders;  the  time  required 
to  transmit  the  order*  was  taken  into  account.  A  commander  al.  n  was  not  permitted  to  communicate 
directly  with  subordinates  who  were  more  than  1000  paces  from  hint. 

“After  the  original  impost' on*  were  e„abli*hcd,  the  umpire  could  direct  that  several  movements  be 
ma  V  simultaneously  if  the  opposing  force*  were  so  widely  separated  as  to  prevent  an  engagement. 
However,  once  the  troop*  were  engaged,  t.ie  game  proceeded  in  an  orderly  fashion,  round  by  round. 


40-6 


DARCOM  P  706  102 


Each  side  made  sum  movements  as  were  possible  during  the  period  of  2  minutes  During  an  engage¬ 
ment  the  umpite  determined  the  losses  by  means  of  dice.  These  fosses  vvere  reflected  b\  withdrawing 
pawns,  and  by  substituting  others  of  lesser  value,  according  to  established  rules.  ' 

"  I  he  game  proceeded  until  some  predetermined  result  was  arrived  at  or  until  the  umpire  saw  lit  to 
stop  the  match  However,  it  was  contended  that  the  object  of  toe  game  was  not  a  question  of  winu.ng 
or  losing,  as  in  cards  or  chess. 

.  the  well  grounded  decisions  of  the  umpire  and  approbation  of  one's  comrades  are  the  onlv 
possible  rewards.  Whoever  best  follows  up  his  movement,  adopts  the  simplest  and  most  natural 
means  to  the  end,  and  departs  least  from  the  general  idea  of  the  operation,  w  dl  have  wdn  -  he  match, 
even  though  he  may  have  lost  a  few  more  pawns  than  his  adversary.  .  .  .  The  advantages  they  will 
derive  trom  it  will  be  to  acquire  skill  in  reading  maps,  in  the  selection  of  movements  best  suited  to 
the  different  arms  of  the  service,  in  the  choice  of  positions,  etc.  ITe  interesting  discussions  w  hich  are 
sure  to  follow  a  match  will  be  of  incontestable  value  in  the  study  of  the  mil’tarv  art.' 

As  pointed  out  in  Ref  1,  Young  notes  the  following  about  Tt.  von  Reisswitz's  war  game: 

‘  .Several  notable  improvements  in  the  war  game  are  now  evident.  The  chessboard  tvpe  of  chart  was 
finally  abandoned  by  Lt.  von  Reissw  .z,  Jr.,  and  increased  attention  was  given  to  the  use  of  charts 
which  more  faithful!'’  represented  actual  terrain.  Chess-like  pawns,  with  their  conventional  and  limited 
movements,  were  discarded  in  favor  of  blocks  that  represented  as  nearlv  as  possible  the  parts  of  a  regi¬ 
ment  F'he  rules  governing  movements  were  those  which  actually  applied  to  troops  in  the  field  Finally, 
and  perhaps  most  impo.  ant,  the  concepts  of  limited  intelligence  play  were  introduced,  together  with 
more  realistic  control  of  troop  movements  and  time  requirements  by  an  umpire. 

“  1  he  game  contained  a  modification  of  an  old  feature;  the  use  of  dire  in  order  to  decide  the  results  of 
a<  tions  and  the  losses  sustained  by  the  opposing  troops.  In  each  action  it  was  supposed  that  one  of  the 
sides  retained  an  advantage  over  the  other  due  to  superior  strength,  position,  or  some  other  factor.  The 
combinations  of  various  factors  were  assigned  odds,  corresponding  to  the  faces  of  the  dice  In  thi ,  man¬ 
ner,  an  u.ilui  kv  thr<  w  of  the  dice  might  cause  the  superior  side  to  withdraw  from  the  action  with  heavy 
losses  Seven  dice  were  usually  used,  separately  marked  for  indicating  the  success  or  failure  of  an  at- 
ta<k.  wh  ther  an  assailant  niereiy  retreats  or  is  routed,  number  of  losses  suffered,  etr." 

Young  ( Ref  1 )  gives  very  extensive  coverage  of  the  development  of  war  games  in  America  during  the 
period  1872-1918.  In  particular1.  Major  W.  R  Livermore  of  the  Corps  of  Engineers  developed  the 
American  Knegsspiel  based  on  the  previous  work  of  German  investigators.  Livermore  developed  much 
detail  for  the  conduct  of  the  American  war  games,  with  many  instructions  f  r  movement  of  troops  on 
the  battlefield  and  times  to  accomplish  certain  meneuvers,  et  ?■'.  The  data  t.sed  by  Livermore  were  ob¬ 
tained  from  the  I  S  Civil  War  and  from  Prussian  Wars  of  1866  and  1870.  The  American  Kriegsspiel,  at 
the  time,  was  consideied  by  many  to  be  ar,  extremely  flexible  war  game  and  perhaps  a  much  closer  ap¬ 
proximation  to  the  actual  conditions  of  war  than  many  contemporary  games.  Livermore  succeeded  in 
eliminating  much  of  the  detailed  bookkeeping  and  extensive  and  voluminous  records  in  earlier 
Kriegsspiel  type  games  and  introduced  many  devices,  charts,  and  tables  to  speed  up  the  <  unduct  of 
play  and  reduce  the  labor  formerly  required  to  make  many  computations  during  the  operation  of  the 
war  game. 

There  were  also  other  American  efforts  and  contributions  toward  war  game  development.  Lt.  C.  A. 
L.  Totten  published  his  book  on  the  ’‘Strategos”  war  game  in  1893.  Totten  claimed  that  his  Strategos 
war  game  was  much  l>e:«ei  than  any  Orman  game  or  even  the  American  Kricgsspipl  since  Strategos 
was  divided  into  the  Ha'de  Came  and  the  Advanced  Game  referred  to  earlier,  Totten  leit  that  time  was 


40-7 


DARCOM-P  706  102 


the  most  important  element  of  tactics,  and  his  book  contains  many  tables  of  estimated  times  to  accom- 
j  h  the  mam  mmcm-nts  and  maneuvers  of  the  different  types  of  sen. ice  elements  of  the  various 
Army  organizations.  Aithmivth  in  some  wavs  Totten’s  Strategos  was  n.orc  flexible  and  slightlv  easier  to 
play  and  manipulate  than  Livermore's  American  Kriegsspief.  it  was  only  marginally  different  from  the 
forms  of  t  he  "Rigid"  Kt  iegs>pH  for  that  period.  Neither  Livermore's  American  Kriegsspief  nor  lot- 
ten  s  Strati  jos  rci  eived  as  mac h  enthusiasm  in  America  as  the  German  type  Knegsspiel  war  games  in 
Germans  because  thev  both  were  considered  too  complex. 

The  eark  twentieth  centun  saw  a  growing  use  of  a  type  of  war  game  referred  to  as  "Free 
Kricgsxpiel".  w  hit  h  1 1 )  tended  to  depart  from  rigid  moves  and  rules,  and  place  an  increasing  amount 
of  responsibility  on  the  direc  tors  o(  the  war  games,  as  well  as  the  various  calculations  when  made;  and 
(2)  attempted  to  make  use  <>!  the  more  realistic  data  gathered  (com  studies  of  recent  wars.  There  was 
also  a  very  definite  trend  toward  the  use  of  maps  of  actual  terrain,  drawn  to  a  suitable  scale,  which 
broke  away  from  the  "ideal''  maps  of  von  Reisswitz  and  others.  In  fact,  map  maneuvers  underwent 
very  rapid  development  during  the  next  twenty  or  so  years,  and  a  two-sided  conflict  was  taken  into  ac¬ 
count  in  the  use  of  actual  terrain  maps  in  many  geographical  areas  of  interest. 

Although  present  day  analysts  can  see  rather  easily  that  losses,  caused  by  being  tired  upon,  involve 
chances  of  hitting  and  the  condt'ional  chance  that  a  hit  is  a  kill,  it  was  true,  nevertheless,  for  the  early 
war  games  that  the  players  had  to  use  "play"  tables  constructed  for  the  purpose  since  the  more  exact 
scientific  methods  were  not  ihen  really  developed  Such  aids  involved  tables  of  multipliers,  and  an  ex¬ 
ample  is  given  in  Table  40- 1  Note  that  there  are  multipliers,  and  the  corresponding  "points",  for  both 
field  artillery  firing  and  rifle  firing.  Moreover,  these  are  dependent  on  range  of  engagement,  posture, 
motion,  formation,  and  position  as  indicated  Thus  the  reader  may  begin  to  appreciate  the  growing 
importance  of  the  need  for  automatic  handling  of  such  details  for  the  players. 

f’rior  to  about  I  OH),  it  w  as  fairly  customary  for  the  players  to  use  three  maps  in  a  war  game — one  for 
each  side  and  one  for  the  referee  or  controller.  By  1010  the  use  of  the  three-map  game  in  tactical  exer¬ 
cises  had  all  but  disappeared,  and  ir.  its  place  was  introduced  the  use  of  a  large,  single  map  of  large 
scale  which  ail  panic  ipa  .ts  used.  However,  each  panicipant  was  given  a  small-scale  map  of  the  local 
area  similar  to  those  they  might  have  in  actual  battles. 

ITie  development  of  the  map  maneuver  dui  mg  this  period  prior  to  World  War  I  was  marked  chiefly 
by  the  great  advance  in  the  maps  used  and  their  improved  accuracy.  Thus  war  games  had  a  very 
pronounced  effect  on  the  techniques  of  mapmaking  and  the  terrain  details  needed  for  simulating 
battles. 

40-2.2  BRIEF  ACCOUNT  FROM  WWI  THROUGH  WWII 

From  just  after  World  War  I  until  about  1940,  the  Germans  continued  to  make  the  greatest  use  of 
war  game  procedures,  in  fact,  just  after  World  War  I,  the  war  game  received  more  emphasis  by  the 
Germans  because  the  victorious  allies  precluded  Germany’s  building  up  any  sizeable  armies  or  even 
carrying  Out  any  large-scale  field  maneuvers.  Consequently,  the  Germans  seerped  to  have  no  other 
choice  since  funds  were  lacking  anyway.  The  war  game  was  hence  an  important  outlet  for  the  Ger¬ 
mans  under  the  circumstances  and  fitted  in  quite  well  for  any  military  training  programs  the  Germans 
were  allowed  to  conduct. 

As  a  point  of  interest  concerning  the  confidence  that  might  be  placed  in  war  games,  Ref.  4  points  out 
that,  near  the  end  of  World  War  I,  the  German  Army  High  Command  issued  orders  requiring  a 
rehearsal  of  the  spring  offensive  in  1918.  This  practice  was  performed  by  means  of  a  strategic  war 
game  which  was  played  at  the  Headquarters  of  the  Army  Group  Crown  Prince  Ruppert,  with  the  very 
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significant  result  that  the  High  Command  could  predict  quite  well  just  what  a  slim  chance  existed  of 
any  decisive  success! 

Alter  World  W  ar  i,  the  Germans  continued  their  extensive  application  of  war  gaming  techniques 
and  developed  mut  h  liurature  on  the  general  subject.  Their  war  games  were  conducted  on  maps  of 
from  1 :50(J0  to  1 :8u00,  or  approximately  12-18  in.  to  the  mile,  and  the  games  played  on  these  maps  in¬ 
volved  many  minor  tactics  and  operations  for  detachments  composed  of  all  the  arms  up  to  the  strength 
of  a  brigade.  A  war  game  called  the  “Great  Kriegsspiel”  was  also  practiced  by  the  older  officers  of  a 
regiment  and  the  staffs  of  corps  and  divisions  on  maps  with  a  scale  of  about  1 : 10,000  or  about  6  in.  to 
a  mile.  Such  games  normally  involv  ed  military  operations  of  brigades,  divisions,  and  larger  forces.  The 
German  General  Staff  officers  were  trained  and  instructed  by  means  of  a  “Strategic  War  Game” 
which  used  maps  with  a  scale  ot  1:100,IKX). 

In  the  L.S..  a  rather  extensive  amount  of  war  games  was  conducted  at  the  Army  Command  and 
General  Staff  College  at  Fort  Leavenworth,  the  Naval  War  College,  and  elsewhere,  although 
budgetary  restraints  practically  precluded  any  serious  undertakings  of  war  game  studies,  and  nothing 
beyond  the  advanced  stages  of  war  games  by  the  Germans  was  really  developed  as  indicated  in  the 
quote  from  Ref.  1 : 

“Two  new  works  may  be  mentioned  here  because  of  their  relatively  immature  nature  in  contrast  to 
the  sophisticated  techniques  of  the  Germans.  The  first  of  these  was  Liilh;  ll't/n,  published  a  short  time 
prior  to  1938  by  H.  G.  Wells.  Although  it  was  intended  originally  as  a  child's  game,  it  forms  an  exer¬ 
cise  that  can  readily  be  identified  with  the  earlier  types  of  war  games.  The  game  was  worked  out  in 
collaboration  with  the  distinguished  Orientalist,  Colonel  Mark  Svkes,  and  was  designed  for  use  on  a 
drill-hall  type  of  floor  or  some  similarly  large  space.  The  terrain  was  built  up  in  three  dimensions 
through  the  use  of  l -inch  boards  cut  into  chords  and  angles.  Houses  were  similarly  cut  of  wood  and 
twigs  were  painted  to  represent  trees  and  shrubbery.  Lead  soldiers  were  used,  about  1  inch  in  height. 
Toy  guns,  which  actually  emitted  projectiles,  were  used  to  simulate  artillery  and  infantry  fire. 
Although  it  was  intended  that  these  devices  would  eliminate  the  need  for  tables  and  calculations  of 
losses,  it  is  evident  that  the  accuracy  of  fire  is  questionable  in  terms  of  aiming  errors,  ballistic 
similarities,  etc.  The  umpire  in  this  game  was  relegated  to  the  background,  and  was  used  only  to  ad¬ 
minister  simple  rules  involving  bayonet  charges  and  the  like.  Although  this  game  is  said  to  have  had 
the  color  and  dash  that  Kriegsspiel  lacked,  it  never  attained  any  real  popularity  due  mainly  to  its  inac¬ 
curacies  and  the  expensive  and  cumbersome  apparatus  required.  However,  many  of  the  features  of  the 
game  were  desirable,  such  as  the  miniature  houses,  soldiers,  guns,  etc.,  and  these  have  been  extensively 
adapted  to  the  sand  table  (Ref.  3). 

“The  second  piece  of  work  was  published  in  1948  [1938]  by  E.  A.Raymond,  a  lieutenant  in  the 
Field  ArMllery  Reserve  (Ref.  3).  He  proposed  the  transfer  of  the  game  from  the  map  or  sketch  to  a 
board  that  had  previously  been  specially  prepared.  This  board,  usually  about  4  by  10  feet,  would  have 
contours  built  up  on  it  in  cork  and  would  be  covered  with  graph  paper  of  from  1-  to  1  /2-centimeter 
seal  .■$.  Railroads,  rivers,  roads,  etc,,  would  be  painted  on  the  graph  paper.  Pins  were  to  be  used,  with 
heads  of  various  colors  and  shapes,  to  represent  the  armies.  Infantry,  artillery,  tanks,  and  aircraft  were 
to  be  designated  by  additional  pins  of  various  sizes,  shapes,  and  colors.  Tanks,  ships,  and  trains  were 
to  be  modeled  mostly  in  rubber  and  affixed  with  pins.  The  moves  were  to  be  made  in  proportion  to  the 
arm  of  the  service  and  according  to  the  scale  of  the  map  used.  Fire  effectiveness  was  to  be  determined 
by  range,  and  by  chance.  As  an  aid,  three  dice  were  to  be  used,  with  all  the  spots  blocked  out  except 
the  one-spot;  for  each  whi:  *  spot  thrown  an  enemy  unit  was  to  be  considered  to  have  been  wiped  out. 
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“The  game  was  intended  to  be  played  on  the  battalion  or  regimental  levels.  Three  men  and  a  com¬ 
manding  officer  were  to  be  assigned  to  each  side.  Fifteen-minute  moves  were  to  be  used  during  which 
all  the  pieces  on  a  side  had  to  be  moved.  This  was  intended  to  simulate  the  usual  haste  and  inattention 
present  on  the  battlefield,  and  to  require  the  commanders  to  come  to  a  swift  decision  each  time. 
However,  the  element  of  surprise  was  removed  from  the  game  since  each  side  would  have  full  view  of 
the  game  board  at  all  times.  In  addition,  no  provision  was  made  for  taking  any  captives,  or  for  their  ex¬ 
change.  This  game,  like  ‘Little  Wars’,  did  not  attain  any  high  degree  ot  popularity  or  usage,  although 
many  of  its  features  were  also  borrowed  for  use  in  regular  map  maneuvers  and  sand  table  exercises 
(Ref  5).“ 

Prior  to  and  during  W  orld  War  II,  the  Germans  developed  some  of  the  more  significant  and 
widespread  applications  of  war  games  by  planning  many  of  their  intended  military  operations.  Exam¬ 
ples  involved  the  initial  campaigns  against  France  during  the  early  stages  of  the  war,  and  a  map  exer¬ 
cise  which  was  intended  to  check  whether  the  possibility  and  time  allowances  for  traversing  the  Ar¬ 
dennes  with  armored  units  could  be  accomplished  with  any  degree  of  success  as  estimated  by  the  Ger¬ 
man  Chief  of  Staff.  It  was  reported  that  the  German  war  games  at  the  time  were  largely  responsible  for 
the  rapidity  of  success  and  the  smoothness  of  the  German  movements,  and  no  doubt  saved  many  lives 
and  much  labor  and  material  that  would  have  been  expended  otherwise.  Moreover,  Hitler's  decision 
to  invade  Poland  in  1939  resulted  in  failure  as  is  well-known,  and  no  such  planning  of  campaigns  for 
that  operation  was  undertaken  because  of  time  and  the  uncertainty  of  the  situation. 

Perhaps  the  reader  might  think  we  have  gone  into  too  much  detail  to  introduce  the  subject  of  war 
games  although  he  may  also  understand  that  the  concept  of  playing  war  games  is  not  only  very  old  in¬ 
deed,  but  literally  hundreds  of  yeais  have  been  devoted  to  developing  war  games  for  various  purposes, 
and  huge  amounts  of  effort  have  been  expended  to  make  such  games  as  realistic  as  possible.  The  thrust 
in  war  game  development  has  been  to  provide  meaningful  results  which  can  be  depended  on  to  give 
sound  inferences  and  train  military  personnel.  Even  at  present,  war  games  have  not  been  “perfected”, 
and  therefore  they  still  have  a  long  way  to  go.  Nevertheless,  there  exists  enough  experience  in  the 
documented  literature  to  enable  the  serious  gamer  studying  the  more  complex  problems  of  military  ac¬ 
tions  to  make  a  judicious  selection  of  appropriate  techniques  to  play  a  meaningful  game  and  thus 
develop  some  insight  into  many  complex  problems  that  could  not  be  handled  analytically.  Moreover, 
the  analyst  can  use  the  results  from  war  games  and  try  to  identify  the  more  important  parameters  so 
that  he  may  develop  an  analytical  model  which  hopefully  can  be  used  in  applications  and  also  be 
economical  in  both  dollar  costs  and  time. 

At  this  stage  we  should  point  out  and  have  the  reader  appreciate  that  an  enormous  amount  of  in¬ 
structions,  details,  rules  of  play,  and  bookkeeping  is  required  in  war  game  operations,  especially  if  they 
are  to  represent  the  realism  of  probable  battles.  Moreover,  if  we  are  to  use  war  games  for  more  than  the 
training  of  military  personnel,  then  the  games  must  be  rather  ‘’fine-tuned”  or  made  sensitive  enough, 
for  example,  if  they  are  to  be  employed  advantageously  for  comparing  weapon  systems  or  for  force 
structure  analyses.  Thus  it  is  seen  that  modern  day  computers  not  only  can  be  used  to  great  advantage 
for  storage  and  timely  extraction  of  needed  information,  but  also  can  be  an  enormous  aid  in  the  overall 
problem  of  bookkeeping,  analysis  of  results,  etc.  This  indicates,  as  the  reader  ro  doubt  expects,  that  we 
will  ultimately  lead  up  to  the  considerations  of  computerized  combat  simulations. 

The  war  game  was  the  forerunner  to  all  kinds  of  simulations  and  hence  became  a  very  handy  tool  to 
obtain  some  insight  into  rather  complex  types  of  military  operations.  The  so-called  map  exercises 
could  be  played  as  a  one-sided  game,  whereas  the  war  game  is  a  two-sided  conflict  type  operation  for 
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appropriate  treatment  and  analysis  of  the  effects  of  the  more  important  interactions  between  the  op¬ 
posing  fortes. 

40-2.3  SOME  PRELIMINARY  COMMENTS  ON  DEVELOPING  THE  PLAY  AND 
ANALYSIS  OF  WAR  GAMES 

When  setting  up  the  procedure  and  play  of  war  games,  one  should  consider  the  amount  and  validity 
of  all  available  background  inhumation.  Based  on  this  information,  the  sponsor  and  the  players  may 
develop  some  ol  their  own  ideas  as  to  possible  outcomes  of  the  play  or,  at  least,  they  might  conjecture 
just  what  the  war  game  might  prove.  I  he  next  important  point  is  the  development  of  a  good  scenario 
for  play  of  the  war  game,  along  with  the  data  and  other  information  which  will  b'-  available  to  the  con¬ 
troller  and  the  Blue  and  Red  players. 

I  he  assignment  of  missions  to  the  Blue  and  Red  forces  are  given,  along  with  the  “controlled”  infor¬ 
mation  supplied  to  the  players,  and  then  the  sequence  of  decisions,  actions,  and  control  of  these  is 
decided  upon  It  will  be  important  to  study  and  be  well  aware  of  possible  consequences  which  result 
from  the  decisions  made  and  actions  taken.  One  of  the  key  problems  and  areas  of  interest  is  that  of 
record  keeping,  for  the  analysis  of  war  game  results  and  the  les'ons  learned  may  well  depend  on 
proficient  bookkeeping.  Good  bookkeeping  naturally  will  involve  the  status  of  Blue  and  Red  forces  (in¬ 
cluding  location,  survivors  or  losses,  etc.)  versus  time.  I'he  characteristics  of  the  environment  and 
terrain;  the  amount  of  intelligent  e  assumed  available;  relative  information  used  in  making  decisions  to 
resupply,  to  commit  any  reserves  and.  replacements;  the  controller  decisions,  and  measures' of 
effectiveness — all  must  be  developed  and  recorded. 

Finally,  sensible  game  termination  criteria  must  be  developed  to  bring  the  game  to  a  halt,  and  it  is 
important  to  critique  the  war  game  played  to  provide  information  for  future  improvements. 

For  our  purposes  here,  we  state  that  the  play  of  modern  war  games  usually  involves  the  use  of  a  Blue 
Room,  a  Red  Room,  and  a  Control  Room.  This  arrangement  has  been  found  to  be  very  satisfactory  in 
the  play  of  the  war  game;  the  programming  of  event  steps  in  proper  order;  the  handling  of  decisions 
made  at  time  points  during  play;  and  the  control  of  instructions,  information,  intelligence,  etc.,  to  Blue 
and  Red  forces.  Thus  the  amount  of  detailed  information  available  to  the  Blue  and  the  Red  forces  can 
be  controlled  to  any  extent  desired,  and  the  controller  or  umpire  becomes  so  very  much  involved  in  the 
management  and  conduct  of  the  war  game,  that  h;s  decisions  during  play  must  be  considered  final.  In 
fact,  the  control  or  umpire  function  is  designed,  among  other  things,  to  monitor  the  exchange  of  infor¬ 
mation  and  all  the  information  gathering  procedures  of  the  various  combat  elements  to  limit  these 
processes  according  to  the  rules  of  the  battle  and  the  restrictions  imposed  by  the  performance  charac¬ 
teristics  of  the  weapons,  type  of  units,  and  the  cover  and  concealment  associated  with  the  terrain. 

Unlike  completely  computerized  simulations,  the  war  game  or  map  exercises  are  such  that  play  may 
be  varied  during  the  course  of  “engagement”,  should  this  become  desirable  or  necessary.  In  fact,  some 
special  situations  (e.g.,  an  atomic  attack)  might  be  encountered  during  war  game  play,  and  personal, 
but  experienced,  command  judgment  might  well  be  in  order.  Thus  it  can  be  said  that  war  games  are 
not  as  “rigid”  in  this  respect  as  are  completely  computerized  simulations  of  combat,  which  must  be 
usually  programmed  for  “once  and  all”.  Perhaps  the  more  a  war  game  is  automated  on  a  computer, 
the  less  the  training  value  of  it. 

Very  briefly,  once  the  Biue  and  Red  forces  are  “in  position”  on  the  terrain,  the  play  of  the  game  in¬ 
volves  very  detailed  programming  of  the  required  steps  or  events  according  to  a  “logical  battle”.  There 
must  be  provisions  during  play  of  the  game  for  the  movement  of  the  troops,  i.e.,  the  various  units  and 
the  weapons  on  the  “terrain"  according  to  realistic  time  intervals,  and  the  relative  location  of  Blue  and 
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Red  units  then  established  from  time  to  time  for  the  record  and  analysis.  Reconnaissance  activities  aid 
in  the  initial  detection  of  enemy  elements.  The  troops  on  each  side  will  then  move  forward  as  ordered, 
and  eventually  fort  es  on  one  side  may  come  into  contact  with  elements  or  units  on  the  opposite  side. 
Of  course,  line-of-sight  calculations,  based  on  terrain  analyses,  may  be  used  to  determine  detection 
and  acquisition  of  enemy  units.  Additional  information  on  subjects  such  as  terrain,  weather,  and 
obstacles  in  the  area  may  also  be  invoked  in  the  play.  Eventually,  sufficient  contact  will  be  effected, 
and  the  "battle''  begun.  Orders  are  given  for  the  firing  of  weapons  as  they  become  capable  of  engaging 
the  enemy  units.  After  some  period  of  play  there  must  be  an  assessment  of  conditions  on  each  side — 
such  as  losses,  new  locations  of  elements,  any  required  movement  of  personnel  and  weapons — and  in¬ 
formation  on  replacement  and  supply,  if  applicable.  Thus  there  is  a  considerable  amount  of  detailed 
and  important  information  to  be  handled,  programmed,  stored,  and  later  analyzed.  Play  of  the 
engagement  may  be  recycled,  new  assessments  made,  etc.,  and  the  game  eventually  terminated, 
perhaps  according  to  predetermined  criteria.  The  results  are  then  analyzed,  and  the  training 
proficiency  assessed. 

A  remark  is  in  order  here  about  time  intervals  of  play  in  war  games.  In  many  games,  the  play  may 
proceed  in  equal  time  intervals,  such  as  one  minute,  for  example,  and  assessments  made  at  the  end  of 
each  equal  time  interval  of  play.  Other  war  games  frequently  may  use  "critical  event”  timing,  as  do 
some  simulations,  in  which  ihe  actions  will  proceed  from  one  event  to  another,  i.e.  the  next  event  in  a 
time  sequence  does  not  necessarily  involve  equal  time  intervals.  There  are  advantages  to  both  ap¬ 
proaches  although  current  practice  favors  the  equal  time  interval  approach  for  convenience.  However, 
something  may  be  said  for  stopping  action  at  critical  events,  such  as  the  loss  of  an  important  piece  of 
equipment,  e.g  ,  a  tank,  because  the  more  exact  time-to-kill  data  may  be  analyzed  in  terms  of 
reliability  type  distributions  as  illustrated  in  par.  28-12.4. 

Perhaps  one  of  the  most  important  considerations  we  should  bring  out  at  this  stage  is  the  design, 
development,  and  play  of  war  games — and  computerized  simulations  of  combat  as  well — so  that  the 
analysis  of  final  results  may  be  more  meaningful,  sound,  and  useful  for  inferences.  Because  of  the  (of¬ 
ten  unidentified)  interactions  that  invariably  creep  into  the  more  complex  battles  involving  diverse 
weapons,  it  is  very  desirable  to  design  war  games  in  accordance  with  statistical  principles  and  play 
them  so  that  the  significance  of  results,  if  attained  and  true,  may  be  established.  Thus  we  point  out 
that  usually  it  would  make  little  sense  to  control  all  other  sources  of  possible  variation  in  a  war  game  so 
that  only  a  single  comparison  is  made  since  the  controls  may  not  turn  out  to  be  meaningful  under  all 
possible  conditions  of  combat  variability.  For  example,  it  might  be  far  better,  depending  on  the  par¬ 
ticular  problem  under  study,  to  make  fewer  overall  runs  but  to  program  a  series  of  runs  to  statistically 
establish  superiority  of  tactics,  types  of  weapons,  etc.  To  illustrate  our  point,  a  statistical  designofex- 
1  erirnent  involving  a  Greco-Latin  Square  may  be  used,  in.  which  the  Latin  letters  would  be  used  to 
designate  various  mixes  of  Blue  weapons,  and  the  Greek  letters  various  choices  of  the  probable  Red 
weapons  capabilities.  Or,  as  another  example,  factorial  experimentation  in  connection  with  war  games 
oi  computer  simulations  could  often  prove  advantageous  and  profitable,  or  perhaps  applicable  stan¬ 
di  rd  designs  of  statistical  experimentation  might  be  exploited.  War  games  and  computer  simulations 
ate  indeed  "experiments”,  and  therefore  it  makes  considerable  sense  to  conduct  them  so  that  the  more 
important  problem  areas  are  covered  and  the  significance  of  the  results,  if  true,  is  established. 
Otherwise,  it  is  well-known  that  many  ordinary  war  games  and  computer  simulations  simply  produce 
ccnfusing  or  useless  results.  We  will  illustrate  these  very  points  in  Chapter  41. 

Ve  will  discuss  by  example  some  other  details  of  actual  play  of  the  war  game  type  of  simulation  in 
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connection  with  a  discussion  of  computerized  combat  simulations  in  par.  40-3;  however,  it  is,  impor¬ 
tant  to  list  some  of  the  modern  uses  and  applications  of  war  games  for  the  reader  at  this  point  (see  par. 
40-2.4). 

40-2.4  SOME  MODERN  USES  OF  WAR  GAMES 

Some  of  the  more  important  uses  of  modern  war  games  include  applications  such  as: 

1.  Training,  especially  of  combat  officers 

2.  Assessing  the  potential  performance  of  subordinate  officers 

3.  Historical  battle  study  purposes.  Thus,  given  a  famous  battle  in  the  past,  the  war  game  can  in- 
cude  many  of  the  key  inputs  and  can  be  run  to  study  possible  outcomes.  In  this  way,  war  games  can  be 
very  educational  and  informative  for  future  milita.  y  operations. 

4.  Planning  for  campaigns.  As  we  have  seen,  the  Germans  did  indeed  profit  from  practicing  war  ex¬ 
ercises  just  ber  e  engaging  in  actual  conflicts  with  an  enemy. 

5.  Logistical  training.  There  is  a  need  to  train  supply,  transportation,  communication,  and  other 
such  personnel  in  their  respective  fields.  War  games  can  be  valuable  in  this  regard. 

6.  Weapon  family  studies.  If  some  standard  or  desired  tactics  are  assumed  in  a  battle,  various 
weapon  mixes  can  be  run  in  a  simulation  of  combat  and  the  most  desirable  mix  of  weapons,  or  the  best 
"family”,  selected. 

In  connection  with  war  games  support  of  the  TRADOC  Systems  Analysis  Activity  (TRASANA)  to 
the  Allied  Forces  South  (AFSOUTH),  Naples,  Italy,  Willis  (Ref.  6)  advances  the  following  alternative 
objectives  for  war  games: 

1.  Facilitate  communication  between  members  of  a  staff  and  between  organizations  on  plans, 
procedures,  policies,  and  planning  factors  relative  to  war  games. 

2.  Evaluate  the  impact  of  constraints  on  force  effectiveness. 

3.  Identify  deficiencies  in  a  force  (in  the  areas  of  procedures,  plans,  tactics,  systems,  and  training) 
and  evaluate  the  effectiveness  of  any  current  force. 

4.  Provide  training,  experience,  and  practice  in  the  control  and  coordination  of  combined  arms  (or 
joint  service)  operations  and  in  preparing  plans  and  orders. 

5.  Determine  possible  and/or  likely  enemy  courses  of  action  and  identify  exploitable  enemy 
weaknesses. 

6.  Exercise  and  test  various  plans  and  procedures. 

7.  Provide  a  context  or  scenario  for  more  detailed  studies,  including  estimates  of  the  relative  fre¬ 
quencies  of  various  situations. 

8.  Identify  subject  areas  in  which  tests  or  experiments  are  required. 

9.  Determine  requirements  for  forces,  new  systems,  reserves,  or  replacements. 

10.  Evaluate  alternatives  for  overcoming  deficiencies,  including  changes  in: 

a.  Procedures 

b.  Tactics 

c.  Organization 

d.  Systems 

e.  Force  mix. 

11.  Determine  the  most  effective  way  to  incorporate  new  systems. 

12.  Evaluate  and  compare: 

a.  Alternative  strategies 

b.  Alternative  tactics,  countermeasures,  or  procedures 
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c.  Alternative  force  deployments 

d.  Alternative  organizations 

e.  Alternative  systems. 

Thus  there  are  wide  uses  and  important  applications  cf  modern  war  game  techniques 


40-3  COMPUTER  SIMULATIONS  OF  COMBAT 
40-3.1  DEFINITION  AND  DESCRIPTION 


So  far  in  this  chapter,  we  have  reserved  the  term  “war  game”  to  mean  usually  a  manual  simulation 
of  combat  between  opposing  forces;  however,  we  also  could  speak  of  “computerized”  war  games,  a 
commonly  used  term,  so  that  the  big  differences  between  a  war  game  as  an  entity  now  and  a  computer 
simulation  of  combat  may  disappear  to  some  degree.  There  seems  to  be  no  progressive  satisfaction  in 
arguing  or  sticking  to  the  strict  use  of  such  terms  since  they  will  likely  be  used  in  a  more  or  less  loose 
fashion  anyway-  In  any  event,  it  becomes  very  natural  indeed  to  employ  a  computer  in  simulating 
combat  because  the  computer  is  a  natural  aid  for  the  enormous  amount  of  bookkeeping  needed  to  con¬ 
duct  war  games  or  combat  simulations.  In  fact,  the  computer  can  result  in, great  savings  in  the  amount 
of  human  effort.  It  can  make  calculations  quickly  and  efficiently;  it  can  be  instructed  to  make  “deci¬ 
sions”  if  so  programmed;  it  can  easily  generate  random  numbers  for  stochastic  type  study;  and  also, 
no  doubt,  it  will  decrease  overall  cost.  Thus  it  becomes  very  desirable  to  have  the  computer  perform  as 
much  of  the  war  game  simulations  as  it  possibly  can;  the  ultimate  is  feeding  the  computer  war  game 
input  data,  pushing  the  button,  and  waiting  for  the  results! 

In  addition  to  bookkeeping,  it  seems  desirable  to  illustrate  by  example  a  few  of  the  problems  the 
computer  can  easily  handle  in  the  “electronic”  play  of  a  war  game,  map  exercise,  or  combat  simula¬ 
tion.  For  example,  the  given  terrain  characteristics  may  be  stored  in  the  memory  of  a  computer;  then, 
for  known  weapon  and  target  coordinates,  calculations  of  the  chances  of  a  line  of  sight — and  hence 
target  detection  with  suitable  sensors — can  be  determined.  Given  a  fire  order,  the  computer — knowing 
target  size,  its  vulnerability,  and  the  weapon  characteristics  involved — can  calculate  the  chance  of 
hitting  and  killing  targets  at  all  ranges.  In  this  connection,  the  computer  may  make  calculations  based 
on  the  weapon  delivery  errors  as  a  basic  input,  or  it  may  query  a  hit  probability  distribution  versus 
range.  (The  statistical  description  of  this  for  CARMONETTE  is  given  in  par.  40-3. 2’2.) 

For  the  new  or  young  systems  analyst,  a  rather  detailed  description  of  several  possible  analytical 
roles  of  computers  in  the  computer-assisted  war  game  is  given  by  Murray,  Sewell,  Chandler,  and  Win¬ 
slow  (Ref.  7).  They  illustrate  some,  but  not  all,  of  the  typical  mathematical  techniques  which  may  be 
used  to  interface  the  computer  properly  with  the  play  of  the  war  game  or  combat  simulation.  For  ex¬ 
ample,  these  authors,  who  consulted  with  the  US  Army  Strategy  and  Tactics  Analysis  Group  (now  the 
US  Army  Concepts  Analysis  Agency),  illustrate  some  details  through  the  use  of  their  “Influence 
Diagram”  which  we  display  as  Fig.  40-1.  Their  calculation,  indicated  by  [1]  in  Fig.  40-1,  determines 
the  new  location  of  a  unit  at  time  t  from  the  direction  and  speed  if  movement  begins  at  time  (t  —  A/). 
Hence  the  x-  and  ^-coordinates  at  time  t  for  unit  i,  which  are  represented  by  x„  and  y„,  are  easily- 
calculated  by  the  computer  as 

^  xtt  =  +  (A/)(jy,f_A/)cos0(,f_4* 

ytt  =  yt.t-M  +  (A/)(r,.,_ 


} 


(40-1) 


where 


A t  =  time  increment 

=  speed  of  unit  i  at  time  (I  —  At) 
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Fig.  40-1.  Influence  Diagi 
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Oi.t-x  ~  the  azimuth  on  which  unit  i  is  moi  mg  at  instant  (/  —  A/ ) 
and  Vi.-  - it  —  "'old"  coordinates  of  unit  i.e.,  at  time  (/  —  A/ ). 

Refer  again  to  cig.  40- 1 ;  calculation  j2J  determines  the  distance  between  any  two  elements  on 
the  terrain.  After  firing  orders  and  assessments,  then  calculation  [3}  is  used  to  determine  the  losses 
suffered  by  unit  /.  And  so  the  process  proceeds  in  the  use  of  the  computer,  and  calculation  I")  deter¬ 
mines  the  total  rounds  per  minute  received  by  unit  i  from  each  class  of  enemy  weapons  during  the 
interval  [/,(/  +  A/)]. 

There  is  an  important  element  missing  here,  however,  which  we  describe  briefly,  and  that  relates  to 
the  use  of  a  “clock"  for  scheduling  the  events  in  proper  order.  For  battlefield  time,  each  unit  has 
associated  with  it  an  “alarm  clock"  or  set  of  numbers  representing  the  time  at  which  it  will  next  be 
able  to  act — i.e.,  open  fire,  move,  etc. — and  at  the  beginning  of  the  battle,  or  time  zero,  these  “clocks" 
will  be  ^et  at  a  few  seconds  unless  some  of  the  units  have  been  prohibited  from  firing  or  mov  ing,  etc.  A 
computer,  or  “clock”,  routine  is  programmed  to  examine  the  unit  clocks  for  the  purpose  of  finding  that 
one  with  the  smallest  time.  Thus,  this  will  correspond  to  the  first  event  that  is  scheduled  to  happen, 
and  this  particular  time  interval  becomes  the  new  battlefield  time.  The  computer  then  performs  the 
various  calculations  which  are  required  to  simulate  the  next  scheduled  event.  If,  for  example,  the  event 
were  the  firing  of  an  antitank,  weaf  on,  then  once  the  weapon  is  fired,  its  clock  would  be  reset  for  the 
time  it  is  able  to  fire  again.  Also  all  other  “clocks"  of  the  elements  or  units  would  be  reset,  with  the 
“clocks”  routine  determining  the  very  next  (minimum  timel  event  so  that  the  battlefield  time  is  again 
adjusted,  and  the  calculations  continue  in  play  of  the  game.  This  process  often  is  referred  to  as  “event 
sequencing”  and  is  used  in  the  play  of  many  high  resolution  computer  combat  simulations. 

40-3.2  BRIEF  DISCUSSION  OF  CARMONETTE 

An  example  of  one  of  the  key  and  very  successful  concepts  of  a  tactical  war  game,  which  has  been 
computerized  and  widely  used,  is  the  battle  simulation  called  “CARMONETTE”  —  described  by 
Zimmerman  (Ref.  8),  and  Refs.  9  and  10.  CARMONETTE  is  a  fully  computerized  Monte  Carlo  type 
of  simulation  which  covers  a  typical  but  isolated  battle  in  a  simple  step-by-step  procedure  outlining 
the  actions  that  might  occur.  CARMONETTE  was  designed  so  that  all  calculations  could  be  per¬ 
formed  on  a  standard  general  purpose  digital  computer,  except  that  a  limited  number  of  high  level 
decisions  or  orders  could  be  injected  into  the  battle  during  the  calculations.  The  CARMONETTE 
simulation  detailed  the  manner  in  which  combat  activities  of  the  individual  participants  fought  the 
battle  and  integrated  these  separate  combat  activities  into  larger  and  more  meaningful  conflicts  be¬ 
tween  forces.  Initially,  the  concept  and  piay  of  CARMONETTE  centered  around  “small  units”,  or 
ones  of  about  company  size,  involving  “some  hundreds  of  men  and  dozens  of  heavy  weapons  like 
tanks”.  CARMONETTE  is  a  critical  event,  computerized  war  game  with  time  recorded  to  1/10,000  of 
a  minute.  Originally  CARMONETTE  had  the  capability  of  playing  up  to  36  independent  combat  ele¬ 
ments  of  each  side;  a  typical  organization  might  include,  for  example,  18  tanks,  2  platoons  of  infantry, 
some  mortars,  and  perhaps  a  few  special  purpose  weapons,  such  as  a  guided  missile.  CAR¬ 
MONETTE  has  been  developed  through  some  six  major  iterations.  Currently,  CARMONETTE 
(Ref.  10)  is  a  computerized  Monte  Carlo  simulation  of  battalion  size  or  lower  units  in  ground  combat. 
The  primary  activities  of  the  simulation  consist  of  the  movement  of  units,  the  detection  of  targets,  and 
the  firing  of  weapons  at  the  targets.  Movement  is  either  under  preplanned  orders  or  may  be  con¬ 
ditional.  Target  acquisition  may  involve  different  chances  of  detection  in  order  to  pinpoint  targets  on 
each  side.  The  firing  of  weappns  and  the  assessment  of  effects  use  computer  calculated  probability  of 
hit  and  kill  calculations.  Unit  resolution  can  be  an  individual  soldier,  a  tank,  or  a  platoon;  and  the 
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Blue  and  Red  forces  can  have  up  to  a  total  of  48  units  each.  The  game  can  play  up  to  56  weapon  types 
including  indirect  fire  by  artillery  and  mortars  (12  types),  and  direct  fire  weapons  with  both  a 
fragmenting  capability  (22)  and  direct  fire  bullets  or  armor-piercing  projectiles  (22).  There  is  a  limita¬ 
tion  of  no  more  than  four  weapons  per  unit.  Although  the  map  grid  size  may  be  selected,  usually  a  1 00- 
m  grid  on  a  6  km  by  6.3  km  total  map  area  is  played.  Table  1  of  Ref.  10  gives  the  relation  between  grid 
size,  unit  size,  force  size,  and  zone  of  action  (our  Table  40-2).  As  summarized  in  Refs.  9  and  10,  CAR- 
MONETTE  input  requirements  include  detailed  descriptions  of  the  terrain  of  play,  appropriate  target 
detection  probabilities,  and  a  set  of  or'1  rs  for  each  unit  based  on  tactical  doctrine  in  accordance  with  a 
predetermined  scenario.  The  terrain  inputs  for  each  grid  square  include  average  elevation,  height  of 
vegetation,  indices  of  cover  and  concealment,  and  road  and  cross-country  raff '-.ability.  Basic  outputs 
of  CARMONETTE  involve  a  computer  listing  of  every  event  assessed  during  the  battle  and  include 
elemen's  killed,  beginning  and  final  positions  of  units,  beginning  and  final  strengths,  rounds  fired  and 
rounds  received,  time-to-death  of  unit,  ammunition  expended,  number  of  engagements,  and  number 
of  rounds  fired  and  targets  killed  by  specific  weapon  types  and  related  t'ange  brackets. 

In  CARMONETTE  the  forces  to  be  gamed  are  organized  into  no  more  than  48  units  for  each  siae, 
and  each  of  these  units  may  have  no  more  than  63  “killabie”  elements.  The  CARMONETTE  units 
are  individual  weapon  systems  such  as  a  tank,  antitank  guided  missile,  or  they  may  be  groupings  of  ele¬ 
ments  having  the  same  degrees  of  mobility  and  vulnerability,  the  same  sensorfe,  and  which  are  located 
within  the  same  referenced  grid.  The  entire  unit  is  considered  detected  when  a  single  element  of  the 
unit  is  detected.  When  a  unit  is  fired  upon,  however,  all  of  its  elements  are  considered  equally 
vulnerable  although  the  probability  of  a  hit,  or  a  kill,  is  calculated  for  each  element  individually.  A  unit 
can  have  up  to  four  groups  of  weapons.  For  example,  a  tank  may  have  a  main  gun,  an  air  defense 
machine  gun,  and  a  coaxial  malchine  gun;  or  the  rifle  squad  may  have  two  antitank  weapons,  . one 
machine  gun,  one  grenade  launcher,  and  five  rifles;  etc. 

There  are  sixteen  target  classes  in  the  CARMONETTE  game,  and  the  target  classes  are  given 
priorities.  For  example,  an  armored  personnel  carrier  mounting  an  antitank  guided  missile  would  be  a 
higher  priority  target  than  an  armored  personnel  carrier  without  the  missile.  The  two  factors 
associated  with  the  assignment  of  a  friendly  unit  to  target  class  are  the  vulnerability  to  the  various 
weapons  and  the  Firepower  possessed  by  the  unit.  Targets  are  also  classified  according  to  size, 
mobility,  fire  response,  and  sensor  class. 

Detailed  orders  that  will  be  followed  throughout  play  are  given  to  units,  and  if  a  unit  is  killed  it  simply 
stops  following  orders.  A  typical  order  might  be,  for  example,  “move  at  rate  r  without  stopping  to  square 


TABLE  40-2 

RELATION  BETWEEN  GRID  SIZE,  UNIT  SIZE,  FORCE  SIZE, 
AND  ZONE  OF  ACTION 


Approximate  Unit  Size 

Maximum  Force  Size 

Maximum  Zone 
of  Action 

Grid 

size, 

m 

Infantry 

Mechanized 

Infantry 

Artillery 

Aviation, 

aircraft 

Infantry 

Mechanized 

Infantry 

Width, 

m 

Depth, 

rp 

10 

1  Man 

n/a 

1  tube 

n/a 

2  Pits 

n/a 

600 

630 

25 

2  Men 

1  Veh 

2  tubes 

1 

1  Co 

1  Co 

1500 

1575 

50 

!:.  Sqd 

2  Vehs 

4  tubes 

1 

1  Bn 

1  Bn 

3000 

.  3150 

100 

1  Sqd 

3  Vehs 

6  tubes 

2 

2  Bns 

2  Bns 

6000 

6300 

250 

1  Pit 

7  Vehs 

12  tubes 

4 

4  Bns  . 

4  Bns  ’ 

15000 

15750 
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a  i  vv  with  kind  of  fire  7  and  priority  />",  "stay  until  time  tl.it.  or  fire  i  shots  with  kind  of  fire  i  and  prior¬ 
ity  /<”,  ete. 


Two  kinds  of  moving  commands  may  he  provided.  One  is  to  move  without  stopping  to  a  given 
square,  and  the  other  provides  a  doctrine  that  permits  the  unit  to  st  »p  occasionally  and  fire  as  it  moves 
along. 

It  is  through  CARMOXETTE's  simulation  of  time  and  space  .hut  th  •  interaction  of  the  forces  and 
their  environment  can  be  accounted  for.  In  an  actual  battle,  the  various  activities  of  firing,  moving 
etc.,  may  take  place  simultaneously,  although  for  a  computer  simulation  no  two  events  can  take  place 
simultaneously.  The  computer  requires  the  discrete  and  sequential  handling  of  the  events  tha  occur  in 
combat,  and  this  is  all  that  is  really  necessary.  For  example,  it  is  not  necessary  for  the  computer  to 
trace  the  path  of  a  projectile  in  flight  to  its  target,  but  the  time  of  its  impact  :s  a  very  significant  cv-mt  in 
play  of  the  battle,  and  it  can  be  handled  easily  by  a 'computer.  Die  movement  of  a  unit  from  one  square 
to  another  is  also  an  event  for  which  only  the  end  time  points  are  of  interest. 

The  periodic  assessment  for  any  target  acquisitions  and  for  neutralization  of  targets  is  also  handled 
sequentially.  Tne  probability  of  detecting  a  target  is  determined  for  the  rri<'st  part  by  the  dwell  time  of 
the  sensor,  the  ra-'ge  from  sensor  to  target,  and  the  characteristics  of  the  target  in  relation  to  its  en¬ 
vironmental  cover.  For  neutralization,  the  number  of  rounds  impacting  in  the  vicinity  of  a  unit  is 
calculated  although  only  the  more  recent  rounds,  or  those  in  the  last  interval  of  time,  are  conside;  ed  ef¬ 
fective  in  establishing  unit  integrity. 

The  activities  simulated  in  CARMONETTE  which  are  common  to  more  than  one  arm  are  target 
acquisition,  target  selection,  firing  of  rounds  and  their  impact,  neutralization,  movement,  selection  of 
units,  and  communications.  Perhaps  of  particular  interest  to  the  analyst  would  be  some  examples 
which  illustrate  the  processes  of  target  detection,  the  calculation  of  hit  probabilities,  and  the  calcula¬ 
tions  of  casualties  since  these  might  give  some  concrete  insight  into  the  operation  of  CARMONETTE 
in  a  computer.  Many  of  the  available  models  for  such  calculations  do  indeed  require  some  very  notable 
simplifications  “to  get  on  with  the  game”,  so  to  speak! 

40-3.2.1  Target  Detection 

The  CARMONETTE  detection  model  is  very  much  a  simplification  of  the  theory  of  target  detec¬ 
tion  because  of  the  lack  of  realistic  field  experiments  to  validate  detection  under  most  combat  condi¬ 
tions..  We  know  (Chapter  27)  that  the  reflectivity  characteristics  of  the  target  or  its  “contrast”  is  im¬ 
portant  in  detectability,  as  well  as  atmospheric  attenuation  cf  signals,  camouflage  of  the  target,  ex¬ 
perience  of  the  observer,  range  to  target,  motion  of  target,  and  many  other  ractors.  The  CAR¬ 
MONETTE  target  detection  model,  however,  uses  the  existence  of  a  line  of  sight,  the  response  state  of 
the  observer,  whether  or  not  the  target  or  sensor  is  moving,  the  target  solid  angle  subtended  at  the  ob¬ 
server,  and  the  type  of  sensor  employed  to  look  up  the  chance  of  target  detection  in  programmed 
tables.  Some  six  sensor  types  are  permitted.  The  visual  detection  routine,  and  the  image  intensifier 
routine  are  rather  complex  and  are  given  in  Appendix  A  of  Ref.  10  for  the  interested  reader.  Here,  we 
will  illustrate  only  the  radar  detection  routines  which  are  for  the  plan  and  position  scopes,  PPS  4  and 
PPS  5.  Up  to  six  such  radars  can  be  played,  but  the  present  program  routine  does  n  t  consider  a 
threshold  target  speed  or  the  direction  of  movement  of  a  unit— only  whether  or  not  the  target  is  classed 
as  moving.  The  radar  model  input  calculations  depend  on  the  radar  degradation  factor  DGF,  the 
maximum  effective  range  rmax,  and  tne  observer-target  range  r  as  follow's: 

DGF  =  radar  degradation  factor  »  1.23  (typical  /aiye) 


»  •  * 
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=  maximum  effective  range  of  radar,  i  e.. 

35ut*  ni  for  personr*.  i  -or  FFS  5 
1 1 MM ki  m  for  vehicle?  far  FFS  5 
1  X  l  m  for  personi set  for  FPb  4 
2500  m  for  vef.-icl'-’s  'or  FFS  4.  where 
r  =  ohv.rrvrr-tareet  rars?.  m 
—  adjusted  range  ratio 

~  t /  j  1 1 )( » /  if  ,?i )  j - 

The  chant  cs  of  tartlet  detection  are  calculated  from  the  follow  ii*l;  equations: 

l\,  =  0.0  -  (RRM.)/S,  if  Mtn,  <  0.8  ■  (.40-2) 

or 

l\,  -  2.0  -  1.5(Mad,),it0.S  <  ///:„*,  <  I.  (40-3) 

(The  reader  may  contrast  these  “approximate”  CARMOXF IT  K  targe*  detection  chance  models 
with  those  in  Chapter  2~  c>f  this  handbook.) 

-t0-3.2.2  Firing  and  Assessment  of  Casualties 

The  finin'  and  impact  eomputerked  simulation  includes  possible  position  disclosure  for  the  tiring 
weapon,  ammunition  expenditure,  and  the  assessment  of  casualties.  When  a  weapon  fires,  that 
weaivm  produces  a  signature  which  the  opposing  side  may  detect  and  hence  loc..,e  the  weapon;  this  is 
important  for  the  battle  procedure.  Moreover,  every  time  a  weapon  fires  >uch  rounds  are  removed  from 
the  unit's  supply  of  ammunition.  This  applies  also  to  more  than  a  single  round  per  trigger  pull. 

I  he  probability  of  hitting  for  CARMOXETTE  is  determined  by  knowing  the  range  to  the  target, 
the  exposed  area  of  the  target,  the  “total  tactical  dispersion”  o?  the  weapon  at  *he  given  range,  and 
whether  the  particular  round  fired  is  the  first  round  or  a  subsequent  one.  The  equation  currently  used 
tor  single-shot  nit  probability  I\r)  depends  on  the  equivalent  radius  R  of  the  target  area  and  the  total 
tactical  dispersion,  or  standard  deviation  <r(r)  of  the  weapon  in  one  direction  and  is 

i  \r)  ,=  1  —  exp(-/f2/!2o2(r)j)  ,  ,  (40-4) 

where 

fftO  =.!+  \(b  -a)/ (0.5A/  )>*+  |(r-2M/(0.5.t/>|(rs/.l/)<r  -0.5.1/)  (40-5) 

a  =  standard  deviation  in  dispersion  at  zero  range 
b  =  standard  deviation  in  dispersion  at  0.707  maximuni  range 
<  -  standard  deviation  in  dispersion  at  maximum  range 
M  =  square  of  the  maximum  range  of  the  weapon  emuloyed  in  CARMONETTE 
r  -  range  to  the  target. 

If  the  range  r  is  in  meters,  then  the  target  radius  R  is  also  to  be  taken  in  meters,  i.e.,  r  and  R  must  be 
expressed  in  the  same  units.  For  CARMONETTE,  one  notes  that  Eq.  40-4  is  quite  similar  to  Eq.  14-2 
of  Chapter  H,  where  a  of  Eq.  14-2  equals  ff(0  here.  Fhus  Eq.  40o  is  an  estimate  of  weapon  delivery 
dispersion,  for  convenience  in  CARMONETTE,  which  depends  primarily  on  and  is  a  strong  function 
of  the  range  r  to  the  target.  By  contrast,  the  reader  may  have  noted  that  elsewhere  in  this  handbook 
sometimes  we  have  used  a  hit  probability  calculation  based  on 

/V)  *  1  ~  exp(  — </r)  (40-6) 

where  d  is  a  constant,  and  r  the  range. 
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For  CARMONETTE.  values  of  'he  “total  tactical  dispersion”  are  stored  for  each  of  some  12  condi¬ 
tions  of  vollev  historv,  firer  activity,  and  target  activity  and  the  two  tvpes  of  ammunition  permitted 
each  weapon  as  three  coordinates  of  a  parabolic  curve.  As  indicated  in  Eq.  40-5,  the  three  values  are 
taken  at  zero  range.  0.707  maximum  range,  and  maximum  range  of  the  weapon.  The  parabolic  ap¬ 
proximation  is  used  as  shown  in  Eq.  40-5  to  obtain  total  tactical  dispersion  for  the  intermediate 
ranges.  Even  though  the  minimum  range  of  a  weapon  may  be  greater  than  zero,  the  value  of  total  tac¬ 
tical  dispersion  sometimes  must  be  extrapolated  back  to  zero  range;  "Negative  values  are  not  permit¬ 
ted.”  (Ref.  10). 

Since  a  hit  is  not  necessarily  a  “kill”  of  a  target,  the  conditional  chance  that  a  hit  is  a  kill  must  be 
multiplied  by  the  hit  probability,  or  otherwise  as  in  CARMONETTE,  "For  the  calculation  of  the 
probability  of  a  nit  of  kiilable  elements  of  multiple  element  targ’ts,  the  target  area  is  [taken  as)  the 
area  of  one  kiilable  element  of  the  unit."  (Ref.  10). 

The  probability  of  hit  calculations  results  in  decimal  values  between  zero  and  unity;  however,  in  the 
play  of  the  game  the  computer  must  decide  whether  a  “hit"  or  a  “kill"  is  obtained  for  each  target  fired 
upon.  In  order  to  do  this,  a  uniform  random  number  r(»A  is  generated  for  each  shot  fired  at  a  target  and 
is  compared  to  the  calculated  I\r)  in  Eq.  40-4.  A  hit  occurs  if  the  h(t)  in  Eq.  40-7  is  unity,  i.e  , 


A(i.) 


l.if/V)  £*(«') 
0,  if/v)  <  -v(t) 


1,2,..., 


(40-7) 


and  g  is  the  number  of  rounds  given  by 

g  =  min(.T.V/’')  (40-8) 

where 

.4  =  remaining  number  of  rounds 
,\  =  number  of  rounds  per  trigger  pull 
F  -  number  of  weapons  fired. 

Thus,  the  total  number  of  hits  II  scored  is  then  summed  from 

11=  Zh{i).  (40-9) 

i  - 1 

The  number  of  kills  cannot  exceed  the  number  of  hits,  as  we  have  said,  and  is  often  much  less  than 
the  number  of  hits.  Also  the  casualty  computation  for  vehicles  and  personnel  is  very  different.  It  is  easy 
to  determine  whether  a  kill  is  or  is  not  obtained  against  a  vehicle  in  CARMONETTE;  this  is  done  if  k 
is  unity  from  the  calculation 

_  /  1,  if  I\k\h)  £  *(/)  ..  •  -  , 

=  \o,  iffl*!*)  <  »o) f  s  v 


k 


where 


A  |  A )  =*  conditional  chance  that  a  hit  on  the) 
ll  m  number  of  hits  from  Eq.  40-9 
x(j )  ■  uniform  random  number  drawn  foi} 

For  the  case  of  using  fragmenting  weapons,  such  as 
pact  area  of  indirect-fire  weapons  must  be  considered; 
covered  in  Ref,  10  for  l!«e  interested  reader.  Random! 


(40-10) 


vehicle  is  a  kill 


(he  case  of  a  hit. 


artillery,  against  personnel,  all  troops  in  the  im- 
an  approximate,  but  very  detailed,  algorithm  is 
number  generation  is  also  covered  in  Ref.  10. 


40-3.2.3  Command,  Control,  and  Communications 

The  command,  control,  and  communications  (C)  unctions  of  CARMONETTE  are  described  in 
Ref.  10  as  being  somewhat  complex,  i.e.,  in  terms  of  tlie  true  situation  being  simulated.  For  units  and 
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task  forces  of  the  CARMONETTE  size,  the  mission-t\  pe  order  is  employed  as  the  appropriate  way  to 
cause  the  various  desired  actions  to  take  place.  Other  elements  of  C3  are  the  identification  of  friend  or 
foe,  the  transfer  of  information  among  units,  and  the  formation  of  various  elements  of  a  unit.  Firings 
cannot  take  place  against  units  on  the  same  side;  therefore  onc^  a  "target"'  is  pinpointed,  it  may  be 
fired  upon  immediately.  CARMONETTE  uses  a  "Communications  Routine”  to  transfer  information 
among  units  on  the  same  side,  and  thus  during  such  communication  cycles  each  weapon  unit  can 
report  the  nearest  square  that  contains  enemy  units  to  its  immediate  headquarters.  Commanders  at  all 
levels  relay  such  information  to  their  superior,  subordinate,  and  adjacent  headquarters.  Any  head¬ 
quarters  can  be  given,  the  capability  of  calling  for  attack  by  helicopter  and/or  artillery  fire.  In  certain 
circumstances  even  fire  units  may  call  for  artillery  fire  which  will  be  provided  if  the  support  unit  is  not 
already  committed  to  some  other  mission.  In  CARMONETTE  the  actual  combat  formation  of  the  ele¬ 
ments  of  a  unit  is  not  simulated.  As  a  result  of  this  simplification,  when  an  element  of  an  enemy  unit  is 
detected,  the  other  side  will  have  full  know  ledge  of  all  of  the  elements  of  the  target  unit.  There  are.  of 
course,  area  weapons  whose  effects  depend  on  the  formation  of  elements  in  a  target  unit  although  in 
CARMONETTE  this  distinction  is  not  made. 

40-3.2.4  Examples  of  CARMONETTE  Records 

The  record  of  events  in  CARMONETTE  is  referred  to  as  the  history  tape  which  contains  all  move 
selections,  target  selections,  boundary  crossings,  firings,  impacts,  and  status  information,  such  as 
"out-of-ammunition",  response  to  fire,  line  of  sight,  intelligence  level,  and  recognition  of  target  death¬ 
time  for  each  live  unit.  If,  for  example,  some  unit  does  not  select  a  target,  then  no  message  is  transmit¬ 
ted  or  recorded,  i.e.,  nonevents  are  not  recorded.  Examples  of  the  types  of  reports  that  CAR¬ 
MONETTE  produces  are: 

1.  Table  40-3,  a  report  of  chronological  cumulative  casualties 

2.  Table  40-4,  a  report  of  target  kills  by  weapon  type 

3.  Table  40-5,  an  operational-status  report  giving  information  on  initial  and  final  unit  locations, 
numbers  of  moves,  numbr  of  rounds  fired  or  received,  initial  number  and  final  number  of  trpops  and 
vehicles,  and  time  of  unit  death. 

For  the  information  of  the  reader,  some  of  the  management  aspects  of  CARMONETTE  are  report¬ 
ed  in  Table  40-6. 

Many  other  details  and  coverage  of  CARMONETTE  are  given  in  Ref.  10,  and  we  remark  that  the 
CARMONETTE  simulation  is  part  of  a  hierarchy  of  combat  analysis  models.  Thus  the  output  from 
CARMONETTE  may  be  used  as  input  to  higher  organizational  level  games  such  as  COMANEX 
(Combat  Analysis  Extended),  DBM  (Division  Battle  Model),  ATLAS  (A  Tactical,  Logistical,  and  Air 
Simulation),  or  others  described  in  par.  40-4. 

Hopefully,  this  somewhat  sketchy  and  exemplary  detail,  of  the  completely  computerized  CAR¬ 
MONETTE  combat  simulation  will  give  sufficient  insight  into  the  model  of  programming  a  two-sided 
conflict  on  a  computer.  The  new  analyst  perhaps  sees  rather  easily  that  many  compromises  or  sim¬ 
plifications  have  to  be  made  and  that  the  incorporation  of  some  of  the  more  exact  theory  summarized 
in  this  handbook  will  take  years  to  incorporate,  even  if  it  is  necessary  input  to  nrtore  refined  combat 
simulations. 

As  a  final  comment,  we  may  note  that  computerized  combat  simulations  generally  will  involve  very 
detailed  programming  of  the  events  of  two-sided  conflict  which  cannot  yet  be  modeled  or  described 
analytically.  On  the  other  hand,  it  would  not  make  much  sense  to  conduct  one-on-one  stochastic 
duels,  which  may  be  modeled  analytically  as  in  Chapter  17,  as  a  simulation  on  a  computer.  Such 
analytical  calculatioas,  however,  may  well  be  inputs  to  a  computerized  battle. 
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TABLE  40-6 

MANAGEMENT  ASPECTS  OF  CARMONETTE 


Task 

Technical  Effort 

Calendar  Time 

Computer  Cost 

terrain  Inputs 

0- 

2  TMM* 

0- 

1  mon 

’  0-SIOOO  . 

Program  Revisions 

0- 

4  i'MM 

0- 

4  mon 

0  - 54UOO 

Scenario  and  Inputs 

I  - 

6T.MM 

1  - 

3  mon 

S10O0-S2(HHI 

Production  Runs 

2  _ 

6  I'MM 

1  - 

3  mon 

SU,,XKi-S20.0tKt 
(40-200  replications) 

Analysis 

•>  _ 

6  TMM 

1  - 

3  mon 

SIO0O-S300O 

Report  Preparation 

2 . 

6  TMM 

1  - 

3  mon 

TOTALS 

7  - 

20  TMM 

4  - 

P  mon 

Si2.oou-Soo.oth) 

•Technical  man  months 


40-4  DESCRIPTION  OF  SELECTED  COMBAT  ANALYSIS  MODELS 


Over  the  years,  many  different  types  of  combat  simulations  have  been  developed  for  various  pur¬ 
poses  of  analysis  or  fbr  training.  These  range  from  war  games,  which  are  mostly  manual  in  character, 
to  computer-assisted  combat  simulations,  and  all  the  way  through  to  the  completely  computerized 
combat  simulations  such  as  CARMONETTE.  Generally,  such  simulations  are  now  referred  to  as 
“combat  analysis  models’’,  irrespective  of  the  amount  of  computer  assistance.  Moreover,  there  his 
been  a  tendency  to  develop  combat  analysis  models  into  a  hierarchy  of  simulations  leading  up  to  large- 
scale  operations.  Thus  the  small  unit,  high-resolution  models  may  be  used  to  generate  performance 
measures  of  military  units  which  will  feed  into  battalion  and  division  level  games,  and  on  to  corps, 
army,  or  theater  level  studies. 

Of  course,  there  are  also  analytical  types  of  combat  analysis  models — such  as  Lanchester’s  linear 
and  square  laws,  Deitchman’s  guerrilla  warfare  models,  and  others— which  were  presented  in  Chap¬ 
ters  28  and  29.  The  analytical  models  are  readily  used  in  many  calculations  of  interest  although  they 
depend  critically  on  estimation  of  the  most  proper  attrition  coefficients  for  particular  applications. 
These  models  should  be  used  whenever  they  describe  two-sided  combat  adequately  since  they  may- 
save  considerable  effort,  time,  and/or  cost  as  compared  to  war  games  or  computerized  combat  simula- 
tions.  Also  in  some  cases  it  will  be  convenient  and  useful  to  employ  some  of  the  analytical  models  in 
connection  with^ither  war  game  exercises  or  computerized  combat  simulations  described  in  this  chap¬ 
ter.  As  an  example,  the  kill  times  for  units  on  each  side  may  be  analyzed  and  fitted  to  a  model  of  com¬ 
bat,  such  as  covered  in  par.  28-12.2,  or  the  data  on  losses  for  each  side  at  various  stages  in  the  battle 
predict  attrition  as  in  the  Bonder  IUA  model  described  later, 
of  the  best  models  for  different  applications  often  comes  within  the  realm  of  respon- 


may  be  used  to 
The  selection 


sibility  of  the  weapon  systems  analyst,  and  his  decision  will  depend  on  the  nature  of  the  problem  and 
just  how  well  an  existing  simulation  might  fit.  Otherwise,  the  analyst  may  find  it  necessary  to  develop 
a  new  model  or  simulation  to  obtain  the  most  appropriate  answers.  He  also  will  have  to  decide  on  the 
need  for  and  the  particular  points  in  a  simulation,  or  “combat  analysis  model’’,  for  which  stochastic 
routines  are  app  ropriate  and  on  the  number  of  runs  which  must  be  made  to  judge  something  about 
convergence  of  results  for  the  simulation  process  to  suitably  stable  predictions. 

Once  we  depart  from  the  purely  analytical  type  of  model,  we  can  categorize  the  other  two  types  of 
combat  simulations  as  either  “Delphic”  on  one  hand  or  a  computerized  combat  simulation  on  the 
other.  The  Delphic  term  is  used  as  a  description  which  involves  much  player  and  controller  involve¬ 
ment;  the  war  g^me  is  such  an  example  here.  Thus  although  the  Delphic  type  war  game  or  simulation 
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may  require  much  time  and  the  use  cf  rather  expensive  resources,  it  does  provide  for  direct  involve¬ 
ment  of  the  military  players  or  sponsors  and  gives  more  visible  battle  detail  for  training  purposes,  for 
example.  Because  computer  simulation  type  models  are  much  faster,  many  combat  situations  may  be 
developed,  many  runs  made,  if  desirable,  and  the  sensitivity  of  key  variables  and  interactions  deter¬ 
mined. 

In  the  paragraphs  that  follow,  we  will  summarize  some  of  the  current  combat  analysis  models  (other 
than  the  analytical  ones  of  Chapters  28  and  29,  for  example)  to  acquaint  the  analyst  with  them  and 
provide  a  quick  reference  in  connection  with  his  daily  job.  Some  of  the  combat  models  are  completely 
manual  in  nature,  such  as  the  Theater  Battle  Mode!  (TBM);  some  are  computer  assisted;  some  are 
completely  computerized  such  as  CARMONETTE  which  is  summarized  (again  but  in  brief  form); 
and  one  model  is  even  a  one-sided  deterministic  simulation  (Legal  Mix  IV).  Some  models  are  com¬ 
pletely  “deterministic”;  some  may  be  considered  to  be  stochastic;  and  others  involve  various  combina¬ 
tions  or  mixtures  of  the  more  desirable  methods  of  play  which  enable  the  analyst  to  pick  the  particu¬ 
lar  combat  analysis  model  he  can  use  to  advantage. 

Although  we  will  discuss  the  models  more  or  less  in  the  order  from  the  high-resolution  type — 
involving  the  quantification  of  measures  and  trade-offs,  such  as  weapon  delivery  accuracy  or 
probability  of  hitting,  lethality,  and  rate  of  fire  (i.e.,  kill  rates) — to  the  large-scale  types  of  simulations, 
such  order  may  not  mean  much  to  the  reader  since  he  may  be  more  interested  in  the  particular  content 
of  the  battle  played. 

Many  of  these  descriptions  are  available  from  a  summary  by  Braddock,  Dunn,  and  McDonald 
provided  the  Army  under  contract  or  are  rephrased  from  Refs.  9  and  11. 

40-4  1  DETERMINISTIC  END  GAME  ASSESSMENT  SIMULATION  (DEGAS) 

DEGAS  is  a  computerized,  deterministic  simulation  developed  by  the  General  Research  Corpora¬ 
tion  to  produce  estimates  of  the  results  of  hostile  encounters  essentially  isolated  from  the  general  con¬ 
text  of  battle  and  involving  relatively  few  participants  on  each  side.  In  fact,  the  DEGAS  model  was 
developed  primarily  for  the  investigation  of  the  effectiveness  of  Army  helicopters,  and  it  may  be 
thought  of  as  an  “end-game”  simulation.  The  DEGAS  model  simulates  engagements  involving  a  max¬ 
imum  of  six  helicopters  attacking  a  ground  target  complex  having  a  maximum  of  16  elements,  and  the 
time  duration  of  the  simulated  engagement  is  limited  to  about  10  min.  In  its  present  form,  the  airborne 
weapons  represented  in  the  DEGAS  model  include  the  TOW  missile,  the  30  mm  aircraft  gun, 
HELLFIRE,  and  the  2.75-in.  rocket,  Ground  weapons  attacked  include  air  defense  weapons  and  mis¬ 
sile?,  tank  main  armament,  and  small  arms.  The  inputs  include  the  attack  helicopter  weapon  charac¬ 
teristics,  vulnerable  areas  for  each  helicopter  and  each  armored  ground  target,  and  lethal  areas  against 
personnel.  Movement  paths,  movement  rates,  and  line-of-sight  conditions  are  listed  as  inputs  for  each 
participating  element  for  the  total  duration  of  the  simulated  engagement,  and  the  tactics,  target 
priority,  and  selection  rules  are  input  by  a  combination  6f  the  model  logic  and  input  variables.  The 
model  logic  involves  target  selection  based  on  target  priorities,  which  are  influenced  by  range  to  the 
target  and  line-of-sight  conditions  as  they  evolve  during  the  simulation  or  engagement.  After  target 
selection,  whether  new  or  old,  the  lines  of  sight  are  checked,  and  the  attackers  and  defenders  fire  at 
each  other.  Then  damage  to  the  attackers  and  defenders  is  assessed,  followed  by  movement  of  the  at¬ 
tackers  and  defenders  and  a  rc;<  cessment  of  priorities,  which  leads  to  selection  of  new  targets  for 
further  engagement,  etc.  The  outputs  from  DEGAS  include  attacker  losses,  defender  losses,  ammuni¬ 
tion  expenditures  by  type,  and  elapsed  times.  The  DEGAS  model  is  quite  sensitive  to  idaMvely  small 
variations  of  weapon  characteristics  or  tactics  employed.  This  feature  permits  the  evaluation  of  the 
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consequences  of  input  variations  not  practicable  with  a  Monte  Carlo  type  of  simulation  because  a 
stochastic  model  might  require  many,  many  replications  before  stabilization  of  outcomes.  1'hus  the 
advantage  of  DEGAS  is  apparent — it  is  practicable  to  simulate  the  engagement  repeatedly,  varying 
the  engagement  range  with  each  repetition,  and  thereby  determining  the  particular  range  at  which  the 
exchange  rate  is  optimum.  This  type  of  information  could  be  of  great  importance  to  the  larger  scale 
computerized  battles.  The  General  Research  Corporation  is  the  point  of  contact. 

40-4.2  ASARS  IIX  (ARMY  SMALL  ARMS  REQUIREMENTS  STUDY)  BATTLE  MODEL 

The  ASARS  Battle  Model  is  a  two-sided,  high-resolution,  dynamic,  Monte  Carlo  simulation  of  dis¬ 
mounted  combat  between  less-than-company  sized  units.  ASARS  represents,  with  a  high  degree  of 
realistic  detail,  a  substantial  portion  of  the  factors  involved  in  or  impacting  on  small  infantry  unit  com¬ 
bat.  The  model  was  designed  to  serve  as  an  operations  research  tool  for  evaluating  the  comparative  ef¬ 
fectiveness  and  utility  of  small  arms  (pistols,  rifles,  automatic  rifles,  machine  guns,  grenades,  and 
grenade  launchers),  operational  concepts  of  various  organizations,  and  tactics  of  weapon  employment 
in  an  operational  context.  Movement  paths  of  the  units  are  generated  dynamically  within  the  model  to 
reflect  leaders’  perceptions  of  current  battle  conditions.  The  dismounted  forces  can  be  supported  with 
artillery  and  mortar  fires  represented  in  detail,  and  firing  from  aircraft  can  be  approximated.  Antiper¬ 
sonnel  minefields  are  represented,  with  options  to  breach,  traverse,  or  bypass.  Intelligence  representa¬ 
tion  focuses  on  line-of-sight  acquisition  of  opposing  personnel  and  small  arms  but  also  includes  unat¬ 
tended  ground  sensors.  The  model  represents  decision  processes  and  events  in  great  detail  and  affords 
much  flexibility  for  the  user  to  specify  situations  and  tactical  decision  rules.  Although  vehicles  and 
direct  fire  weapons  larger  than  grenade  launchers  are  not  represented,  model  design  permits  modifica¬ 
tions  or  expansions  into  many  areas.  Terrain  elevations  are  specified  at  12.5-m  intervals  from  map-based 
digitized  tapes  of  the  Topographic  Command.  Each  of  up  to  1 50  soldiers  is  individually  represented  in 
up  to  30  separate  maneuver  units.  Each  exposed  man  is  individually  assessed  for  weapon  effects  from 
individual  bullets  or  flechettes  and  from  fragments  from  each  exploding  munition.  Hits  are  recorded 
for  five  areas  of  the  body.  Probability  of  incapacitation  is  computed  for  each  body  part  hit.  These 
probabilities  are  translated  into  the  man’s  inability  to  observe,  move,  fire,  or  fire  and  move.  Sup¬ 
pressive  effects  of  hits  and  misses  are  also  represented  for  small  arms  rounds,  grenade  fragments,  and 
artillery  and  mortar  fire.  ASARS  IIX  was  developed  by  US  Army  Combat  Developments  Command, 
Systems  Analysis  Group  and  documented  in  May  1973.  The  model  is  maintained  by  the  US  Army  In¬ 
fantry  School,  Fort  Benning,  GA.  The  model  is  programmed  in  FORTRAN  IV  for  the  CDC 
6400/6500  computer  and  requires  84k  (decimal)  words  of  core,  plus  tape  and  disc,  for  a  31-element 
scenario,  which  requires  on  the  order  of  25  min  of  central  processor  unit  (CPU)  time.  A  60-element 
scenario  requires  3-5  h  of  CPU  time  and  95k  (decimal)  words  of  core. 

40-4 J  CAC  INTERACTIVE  WAR  GAME  (JIFFY) 

The  “Jiffy”  Game  is  a  computer-assisted,  manual,  two-sided  war  game.  Players  manually 
manipulate  forces,  using  maps  and  performance  indicators  developed  in  previous  nonmanual  studies 
to  simulate  ground  combat.  The  game  can  accommodate  from  battalion  through  theater  level  forces.  It 
was  developed  or  evolved  as  a  highly  flexible,  simple,  and  rapid  procedure  for  preliminary  investiga¬ 
tion  of  the  relative  value  or  effectiveness  of  different  force  designs.  Units  are  identified  and  placed  in 
their  position  on  the  map.  Firepower  scores  are  aggregated  for  each  side,  force  ratios  are  calculated 
and  modified  in  accordance  with  the  situation,  and  rates  of  advance  are  determined.  Previous  non- 
manual  studies  and  Field  Manuals  provide  the  factors  used  to  quantify  the  performance  of  weapon 
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systems  and  to  calculate  attrition  resulting  from  combat.  Personnel  and  equipment  losses,  and  use  are 
determined,  and  requirements  for  replacements  are  derived.  Use  of  and  requirements  for  artillery  and 
engineer  support  are  determined.  Elements  whose  status  is  specifically  addressed  include  field  ar¬ 
tillery;  ADA;  TACAIR;  trains  elements;  dismounted  infantry;  antitank  weapons;  armed  helicopters; 
command  posts;  tanks,  APC’s,  and  ICV’s;  mortars;  and  minefields.  Resolution  is  to  the  level  required, 
but  normally  it  addresses  the  battalion.  The  battle  is  assessed  periodically  for  time  intervals  during 
which  committed  combat  power  remains  constant,  termed  “critical  incidents”  (significant  events).  It 
requires  approximately  two  to  five  days  to  run  a  critical  incident;  however,  this  depends  on  the  evalua¬ 
tion  objectives  assigned.  The  output  of  the  exercise  is  a  narrative,  photographic,  and  statistical  display 
of  the  progress  of  the  battle  to  include  the  listing  of  personnel  losses,  major  supplies  consumed,  and 
equipment  losses.  The  value  judgments  of  the  gaming  team  dictate  the  relationships  of  ste  Jy  inputs 
and  tiieir  specific  adaptation  to  the  gaming  process.  The  point  of  contact  is  the  Directorate  of 
Scenarios  and  War  Gaming,  US  Combat  Arms  Combat  Developments  Activity  (CACDA),  Fort 
Leavenworth,  KS. 

40-4.4  CARMONETTE  VI 


(See  also  par.  40-3. 1).  CARMONETTE  VI  is  a  two-sided,  high-resolution,  Monte  Carlo  simulation 
of  small  unit  combined  arms  combat  involving  ground  units  ranging  in  size  from  platoon  to  reinforced 
battalion.  Activities  simulated  include  movement,  target  acquisition,  communication,  and  employ¬ 
ment  of  a  variety  of  weapons,  including  missiles,  fired  by  infantrymen,  tanks,  armored  personnel 
carriers,  helicopters,  and  air  defense  units.  Resolution  can  be  set  from  platoon  level  to  the  individual 
vehicle  or  dismounted  soldier.  CARMONETTE  plays  a  battle  area  of  60  X  63  terrain  cells,  with  cell 
^  size  variable  from  10  m  to  250  m  on  a  side  (total  battle  area  from  600  m,  X  630  m  to  15  km  X  15.8  km) 

(100-m  cell  size  normally  is  used).  For  each  cell  the  average  value  is  input  for  terrain  height,  cover, 
concealment,  height  of  vegetation,  and  trafficability  (road  and  cross-country).  Up  to  63  units  on  each 
|  side  can  be  represented;  48  of  which  can  be  weapon  units,  and  15  can  be  command,  control,  and  sur¬ 

veillance  units.  A  predetermined  scenario  explicitly  controls  the  action  of  all  units,  with  the  exception 
|  of  certain  orders  whose  execution  is  dependent  on  knowledge  of  and  action  by  enemy  or  other  friendly 

.  units.  Battles  as  long  as  90  min  can  be  simulated.  Stable  results  often  can  be  achieved  with  5  to  20 

j  replications.  CARMONETTE  was  essentially  the  first  high-resolution  computer  simulation  of  this 

type.  !*  was  programmed  in  1959  and  since  has  been  under  modification  and  use  by  Research  Analysis 
I  Corporation  (now  General  Research  Corporation  (GRC)).  Version  III  was  used  in  the  Small  Arms 

Weapons  Study  (1967);  version  IV  was  used  for  a  study  of  night  vision  devices  (1969);  version  V  was 
'  used  in  the  equal  Cost  Firepowr.  Study  (1971);  and  version  VI  has  been  employed  in  the  SCAT-II 

>  helicopter  study.  The  model  can  be  run  by  GRC  and  by  the  US  Army  Concepts  Analysis  Agency, 

j  CARMONETTE  is  programmed  in  FORTRAN  IV  and  requires  65k  (decimal)  on  the  UNIVAC 

j  1108,  and  175k  (octal)  on  the  CDC  6600  for  core  storage. 

j  40-4.5  COMANEX  (COMBAT  ANALYSIS  EXTENDED) 


COMANEX  is  a  Monte  Carlo  ground  combat  model  designed  to  extrapolate  rapidly  the  results  of 
the  high-resolution  CARMONETTE  model  for  a  given  force  mix  to  other  force  mixes.  Results  so  ex¬ 
trapolated  include  losses  of  dismounted  infantry,  tanks,  APC’s,  and  helicopters.  The  short  running 
time  of  COMANEX  also  lends  itself  for  use  in  division  level  games/simulations  for  assessing  small 
unit  engagements.  Detailed  battle  history  results  from  a  high-resolution  model  are  preprocessed  by 
COMANEX  to  form  a  set  of  Lanchester-type  parameters  which  represent,  essentially,  the  kill  rates  for 
each  weapon-target  combination  in  the  engagement.  These  parameters  are  then  used  to  predict  battle 
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results  when  varying  input-specified  numbers  of  these  weapons  are  involved.  COMANEX,  running 
about  100  times  faster  than  CARMONETTE,  can  provide  30  replications  of  a  30-min  battle  in  less 
than  one  minute.  The  model  is  a  revision  by  GRC  of  the  COMAN  model  developed  by  Dr.  Gordon 
Clark  of  Ohio  State  University  in  1970.  COMANEX  is  programmed  in  FORTRAN  IV  for  the  CDC 
6400  computer  and  can  be  operated  by  GRC.  The  point  of  contact  is  GRC,  McLean,  VA. 

40-4.6  1UA  (INDIVIDUAL  UNIT  ACTION) 

IUA  is  a  two-sided,  high-resolution,  large-scale  Monte  Carlo  simulation  of  mounted  ground  com¬ 
bat.  IUA  can  represent  up  to  a  battalion  task  force  in  offense,  defense,  and  delay  at  engagement  ranges 
up  to  3000  m.  The  model  was  developed  for  evaluating  the  combat  effectiveness  of  equal-cost  mixes  of 
armor  and  antiarmor  weapons.  A  strong  capability  of  IUA  is  the  ability  of  it  to  simulate  in  detail  direct 
fire  weapon  effectiveness  to  include  weapons  such  as  tanks,  APC’s,  recoilless  rifles,  rocket  launchers, 
and  guided  missiles.  IUA  has  a  limited  capability  to  portray  minefields,  artillery,  helicopter-borne 
weapons,  and  TACAIR.  Dismounted  infantry  is  not  played.  Movement  is  on  predetermined  routes. 
The  defender  does  not  maneuver  but  can  withdraw  to  a  secondary  position.  The  simulation  of  mobility 
and  line  of  sight  are  done  deterministically  by  mobility  and  terrain  preprocessor  computer  programs. 
The  defenders  are  always  considered  in  hull  defilade.  Terrain  is  represented  by  up  to  999  triangles, 
with  map  elevation  to  the  nearest  meter  specified  for  each  vertex.  Generally,  a  battle  area  of  5  km  X  a 
km  is  represented.  Input  can  include  five  soil  types,  13  obstacle  types,  three  concealment  heights,  si  : 
terrain  roughness  types,  and  three  cover  heights.  The  attacking  force  has  one  to  three  prespecified  axes 
of  advance.  A  total  of  up  to  12  routes  are  prespecified  with  two  force  sections.  IUA  was  developed  by 
Lockheed  in  the  mid-sixties  to  support  TATAWS  (Tank  Antitank  Weapon  Study);  the  model  was  im¬ 
proved  by  Booz  Allen  in  1 970.  IUA  has  been  used  in  nine  studies,  such  as  TATAWS  III,  ATMIX,  and 
CONFADS.  The  model  requires  approximately  162k  (octal)  of  core  storage  for  execution  and  approx¬ 
imately  10  min  of  CPU  time  for  30  replications  of  one  case  on  the  TRADOC  CDC  6500  computer  at 
Fort  Leavenworth.  Input  data  preparation  time — for  a  new  terrain,  scenario,  and  weapon  data  set — 
requires  on  the  order  of  10-12  man-weeks.  One  full-time  analyst,  plus  programmer  support,  is  re¬ 
quired  to  operate  the  model.  The  point  of  contact  is  CACDA,  Fort  Leavenworth,  KS. 

40-4.7  BONDER/IUA 

Bonder/IUA  is  a  differential  model  based  on  the  IUA  (Individual  Unit  Action)  model.  As  such, 
Bonder/IUA  is  a  two-sided,  high-resolution,  large-scale,  analytical  model  of  tank-antitank  combat 
which  can  represent  up  to  a  battalion  task  force  in  offense  and  defense  (the  delay  role  cannot  be 
played)  at  engagement  ranges  up  to  3000  m.  Bonder/IUA  uses  the  same  terrain,  route,  and  mobiiity 
data  as  IUA,  and  therefore  it  depends  upon  the  same  deterministic  mobility  and  terrain  preprocessor 
programs  as  IUA  to  simulate  mobility  and  line  of  sight.  The  principal, difference  between  Bonder/IUA 
and  IUA  is  in  the  attrition  assessment  portion  of  the  program.  While  IUA  uses  Monte  Carlo  tech¬ 
niques  in  this  area,  Bonder/IUA  uses  analytic  techniques  involving  modified  Lanchester  equations. 
Bonder/IUA  requires  no  replication,  however.  Bonder/IUA  uses  approximately  five  minutes  of  CPU 
time  to  execute  on  the  TRADOC  CDC  6500  computer,  as  compared  to  approximately  10  min  for  30 
replications  by  IUA.  The  short  running  time  of  Bonder/IUA  and  the  relative  ease  of  changing  tactics 
and  weapon  mixes  (provided  no  changes  are  required  in  the  prespecified  routes)  enable  users  to  review 
a  number  of  weapon  mixes  and  tactics  with  relatively  small  cost.  Bonder/IUA  requires  about  150k  (oc¬ 
tal)  of  core  storage  to  execute.  With  respect  to  the  assumptions  made  as  to  the  combat  process  and  the 
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limitations  therein.  Bonder/IUA  and  IUA  are  identical.  Bonder/IUA  was  developed  in  19~0  by  Vec¬ 
tor  Research.  Incorporated,  Ann  Arbor,  MI,  at'd  has  been  used  by  the  Studies,  Analysis,  and  Gaming 
Agency  of  JCS  for  several  studies;  by  ACSFORS  for  the  DRAGON  Cost  Effectiveness  Analysis;  by 
Rock  Island  Arsenal  and  the  Weapon  System  Analysis  Directorate,  OAVCSA,  in  the  MBT  Study  and 
the  M60A1  Improvement  Study;  and  by  USACDC  in  the  ATMIX  Study.  Although  the  model  must 
not  be  considered  validated  against  actual  test  data,  the  model  has  been  validated  against  IUA,  and 
the  validation  effort  underway  for  IUA  applies  also  to  Bonder/IUA.  The  model  is  maintained  at 
CACDA. 

40-4.8  AMSWAG  (AMSAA*)  WAR  GAME 

The  AMSWAG  model  is  a  time-sequenced,  deterministic,  battalion  level,  force-on-force  computer 
model  that  simulates  a  classical  attack  and  defense.  Up  to  64  defenders  are  deployed  in  fixed  positions 
in  hull  defilade.  The  attacking  force  has  already  deployed  in  fixed  positions  and  moves  along  predeter¬ 
mined  routes  of  advance  toward  the  defender.  The  attacking  force  is  allowed  a  maximum  of  12  routes 
of  approach,  and  these  routes  are  administratively  broken  into  one  to  three  groupings  of  up  to  four 
routes  each.  Such  groupings  are  called  “axes”,  and  each  axis  nominally  contains  a  company  sized 
force.  Thus  each  route  nominally  contains  one  platoon,  and  the  platoon  may  be  further  split  into  two 
homogeneous  sections  (of  two  to  four  vehicles  each)  which  maneuver  together  down  the  route.  Normal 
movement  techniques  for  these  sections  are  cither  alternate  bounds  or  successive  bounds.  The 
AMSWAG  model  conducts  the  battle  in  uniform  time  steps  of  10  s  each. 

The  history  of  the  AMSWAG  model,  it  might  be  said,  started  with  the  Individual  Unit  Action 
(IUA)  simulation,  a  time-sequenced,  Monte  Carlo,  battalion  level,  force-on-force  computer  model 
developed  by  the  Ground  Vehicle  Systems  Analysis  organization  of  the  Lockheed  Missiles  and  Space 
Company  for  the  US  Army  Combat  Developments  Command’s  study  on  the  Tank  Antitank  Assault 
Weapon  System  (TATAW'S  III)  study.  The  next  evolutionary  step  was  the  development  of  the  Bon¬ 
der/IUA  model,  which  uses  the  same  data  base  input  card  formats  as  those  required  for  the  Lockheed 
IUA  model.  Beginning  in  about  1973,  AMSAA  effected  modifications  and  improvements  to  ne 
Lockheed  IUA  and  Bonder/IUA  models  for  their  evaluations  to  include  individual  line  of  sight,  revised 
target  priorities  and  round  choices,  multiple  kill  criteria,  dismounted  infantry,  revised  data  bases,  ease 
of  computer  running  cases,  improved  acquisition,  expected  time-to-kill  tables,  basic  load  con¬ 
straints/ammunition  summaries,  and  improved  output  (Ref.  11). 

For  AMSWAG,  the  majority  of  the  input  is  preprocessed  and  stored  on  magnetic  disks  due  to  the 
relatively  large  amount  of  individual  inputs  required  by  the  model  (approximately  250,000  numbers 
per  case)  and  because  there  are  so  many  similar  cases.  These  are  stored  in  a  packed  form,  which 
reduces  significantly  the  computer  time  and  memory  required  to  read  and  store  such  data.  The  pre- 
processed  information  includes  mobility  data,  intervisibility  data,  vulnerability  data,  probability  of  kill 
given  a  hit  data,  expected  time-to-kill  data,  and  weapon  and  round  type  data. 

AMSWAG  repeats  the  same  sequence  of  events  during  each  10*s  interval  of  a  case,  and,  for  the  most 
part,  AMSWAG  does  not  maintain  knowledge  of  just  what  happened  during  the  preceding  time  inter¬ 
vals.  The  decisions  about  what  to  do  during  an  interval  depend  on  the  conditions  that  exist  during  that 
time  interval  and  not  on  what  happened  in  the  previous  intervals.  The  basic  sequence  of  events  for 
each  interval  includes  target  acquisition,  weapon-target  allocations,  firing,  assessment,  a  suppression 
routine,  movement  of  units,  and  output  of  results  for  each  interval.  At  the  end  of  each  10-s  interval,  the 
computer  prints  out  the  following: 

•Al'vlSAA  *  US  Army  Materiel  Systems  Analysis  Activity 
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1.  Total  vehicle  and  personnel  losses  for  each  side 

2.  Nominal  ranges  between  forces 

3.  Current  vehicle  exchange  ratio  (total  Red  vehicle  losses  divided  by  total  Blue  vehicle  losses) 

4.  Current  vehicle  force  ratio  (total  surviving  attacker  vehicles  divided  by  total  surviving  defender 
vehicles) 

5.  Game  time. 

At  the  end  of  each  60  s  of  game  time  and  at  the  end  of  the  game,  a  more  complete  output  summary 
occurs.  This  summary  contains  the  previous  printouts  plus: 

1.  List  of  units  which  have  been  killed 

2.  Status  of  surviving  units  (ammunition  remaining,  location,  unit  movement  speed,  survivors) 

3.  Victim-killer  scoreboards  (thfe  amount  of  kills  as  a  function  of  weapon  type  versus  weapon  type 
and  the  number  of  survivors  of  each  type). 

The  point  of  contact  for  the  AMSWAG  simulation  is  AMSAA,  Aberdeen  Proving  Ground,  \1D. 

40-4.9  LEGAL  MIX  IV 

Legal  Mix  IV  is  a  one-sided,  high-resolution,  deterministic  simulation  developed  to  evaluate  ar¬ 
tillery  mixes  at  field  army  and  lower  levels.  Artillery  weapons  are  employed  against  a  time-phased  set 
of  acquired  targets.  Primary  uses  of  the  model  are  to  provide  data  ori  artillery  support  requirements 
and  to  provide  comparative  analyses  on  the  effectiveness  of  alternative  mixes  of  artillery  weapons.  The 
model  computes  percentage  of  missions  lost,  personnel  casualties  inflicted,  armored  vehicles  damaged, 
missions  accomplished,  targets  defeated,  accrued  units  of  military  worth  for  missions  accomplished, 
and  cost  and  weight  of  ammunition  expended  to  achieve  effects.  Military  worth  is  an  average  value 
assigned  to  each  target  processed  in  the  model  and  was  derived  from  questionnaires  in  wv  :ch  military 
officers  assigned  priorities  to  the  existing  Legal  III  target  list.  Weapon  system  rates  of  fire,  ammunition 
basic  loads  and  resupply  rates,  predicted  and  precision  weapon  circular  probable  errors,  weapon- 
range  capabilities,  ammunition  lethality  data,  and  ammunition  costs  are  used  as  inputs.  Legal  Mix  IV 
is  written  in  FORTRAN  and  is  operational  on  the  TRADCC  CDC  6500  computer.  Required  core 
space  is  1 10k  (octal)  for  the  largest  of  four  basic  computer  programs.  Computer  run  time  can  take  from 
8-25  min  for  the  effectiveness  program.  Preparation  time  is  substantial.  The  point  of  contact  is  the  US 
Army  Field  Artillery  School,  Combat  Training  and  Developments  Activity,  Fort  Sill,  OK. 

40-4.10  DYNTACS  X  (DYNAMIC  TACTICAL  SIMULATION  EXTENDED) 

The  DYNTACS  X  model  is  a  two-sided,  small-unit,  high-resolution,  dynamic,  Monte  Carlo,  event- 
sequenced,  highly  interactive,  land  combat  simulation.  The  model  is  capable  of  representing  battalion 
or  smaller  size  armor  and  mechanized  units.  The  basic  elements  are  vehicles  and  crew-served 
weapons;  dismounted  infantry  is  not  played.  Casualties  for  vehicular  mounted  crews  of  direct  fire, 
crew-served  weapons  and  helicopters  are  represented  and  accounted  for  by  the  model.  Systems  which 
can  be  represented  are  vehicles  (tracked  and  wheeled),  antiarmor  ground  weapons  (large  direct  fire 
ballistic  weapons,  rapid  fire  ballistic  weapons,  and  guided  missiles),  indirect  fire  (cannon,  missile,  and , 
mortars),  air  defease  weapons  (air  defense  guns,  passive  homing  missiles,  and  semiactive  homing  mis¬ 
siles),  terminal  homing  systems  for  direct  and  indirect  weapons,  minefields,  helicopters  (recon¬ 
naissance,  gun,  and  utility),  and  the  artillery  fire  control  system.  The  principal  types  of  operational 
variables  which  can  be  included  are  terrain  type,  toughness,  trafficability,  obstacles,  and  day/night 
conditions.  Other  variables  are  engagement  type  and  size,  and  the  type,  size,  organization,  doctrine, 
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and  tactics  ot  both  Blue  and  Red  forces.  The  operational  area  addressed  tends  to  be  limited  by  com¬ 
puter  considerations  (primarily  core  storage)  to  5  km  X  10  km  with  resolution  of  100  m  X  100  m  (a 
potentiai  exists  to  reduce  grids  to  6  m  X  6  m). 

The  core  storage  of  the  computer  being  used  regulates  the  number  of  battle  elements  represented 
(along  with  area  and  terrain  resolution)  and  time  required  for  a  replication.  Examples  of  the  type  of 
computer  in  relation  to  core  storage,  number  of  battle  elements,  and  CPU  time  for  one  replication  are 
CDC  6600  (\1ERDC)/I72k  words  (OCTAL)/47  elements/7.6  min;  CDC.  6500  (CACDA)/  105k  (OC- 
TAL)/24  elements/ 10  min;  IBM  360-65/670k  bytes/47  eiements/20  min;  and  IBM  390-91  (Johns 
Hopkins)/670k  bytes/47  elements/4  min.  A  typical  run  involves  20-30  min  of  battle  time.  Manoower 
expenditures  to  run  the  model  run  from  approximately  2  man-months  for  a  routine  exercise,  2  to  3 
man-months  to  convert  from  one  computer  to  a  similar  computer,  6  to  8  man-months  for  introduction 
of  a  new  or  different  system  into  the  model,  several  months  for  force  structure  and  number  of  elements 
for  a  newly  located  scenario,  to  man-years  of  effort  for  an  entirely  new  or  different  type  system  r  ot 
currently  represented  by  the  model.  Points  of  contact  are  US  Army  Missile  Research  and  Develop¬ 
ment  Command,  Redstone  Arsenal,  AL,  CACDA,  Fort  Leavenworth,  KS;  and  Systems  Research 
Group,  Department  of  Industrial  Engineering,  Ohio  State  University,  Columbus,  OH. 

40-4.11  DBM  (DIVISION  BATTLE  MODEL) 

DBM  is  a  division-level,  computer-assisted  manual  war  game  designed  for  study  of  the  combat  im¬ 
pact  of  varying  weapon  mixes,  organizations,  tactics,  and  support  levels.  It  can  address  a  Blue  division 
opposed  by  a  Red  combined  arms  or  tank  army  with  supporting  artillery  and  airpower.  Resolution  is 
generally  to  company  on  the  Blue  side  and  to  battalion  on  the  Red  side.  Up  to  350  units  per  side  can  be 
accommodated  by  the  computer  program.  The  game  is  played  on  1  50,000  or  1 :25,000  maps  which  are 
reposted  each  15  min  in  an  open,  semiclosed,  or  closed  mode.  In  the  closed  mode,  a  control  team  is 
necessary  to  process  gamer  orders  (according  to  game  rules),  translate  to  computer  inputs,  and  dis¬ 
tribute  information  to  gamers.  Gamers  perform  all  battle  decision-making  functions.  The  computer 
performs  assessment  and  bookkeeping.  In  the  closed  mode,  a  team  of  1 1  can  process  2  to  4  h  of  combat 
in  a  working  day.  In  the  open  mode,  speed  can  be  doubled  with  a  smaller  team.  Normally,  about  4  n  of 
battle  (up  to  some  critical  event)  is  laid  out  by  gamers  before  the  computer  is  called  upon  to  assess 
losses  and  replacements,  and  to  update  the  status  of  units.  Assessment  employs  the  COMANEX 
model  to  determine  unit  losses  based  on  inputs  from  the  high-resolution,  small  unit  engagement  CAR- 
MONETTE  model.  Air-to-air,  air-to-ground,  ground-to-air  engagements,  and  air-mobile  operations 
can  be  played  in  DBM.  Conventional  and  nuclear  munitions  can  be  delivered  by  air  or  artillery.  Com¬ 
puter  portions  of  DBM  are  programmed  in  FORTRAN  IV  for  a  CDC  6400  computer.  DBM  was 
developed  by  Research  Analysis  Corporation  (now  GRC)  L:  1970-1971.  Point  of  contact  is  GRC, 
McLean,  VA. 

DBM  is  one  of  the  important  models  of  the  hierarchy  of  combat  analysis  models  developed  by  GRC. 
Company  or  battalion  organizations,  weapons  and  performance  data,  terrain  descriptors,  and  tactics 
are  input  to  the  CARMONETTE  model,  and  the  forces  played  cover  a  range  of  forces  expected  to.  be 
fought  in  DBM.  COMANEX  may  be  used  to  obtain  results  of  battles  not  played  explicitly  in  CAR¬ 
MONETTE,  so  that  they  will  become  input  for  the  DBM  model.  This  is  an  illustrative  linkage  for  the 
hierarchy  of  models  developed  by  GRC.  Also,  a  division  computer  simulation  based  on  the  proven 
DBM  games  gives  an  output  which  may  be  used  to  assess  the  close  combat  engagements  or  actions  in 
the  theater  model  ATLAS  discussed  in  par.  40-4.19.  Thus  it  might  be  said  that  the  DBM  model 
simulation  may  be  used  to  “drive”  theater  models. 
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40-4.12  DIVWAG  (DIVISION  WAR  GAME) 

The  DIVWAG  model  is  predominantly  a  deterministic,  two-sided  division  level,  'player-assisted 
computer  simulation  It  was  designed  for  use  in  force  composition  and  doctrine  studies  in  mid-  and 
nigh-intensitv  environments,  it  simulates  combat  between  one  Blue  division  level  force  and  a  Red  force 
composed  of  up  to  lour  divisions.  The  model  addresses  all  the  functions  of  land  combat.  It  achieves  this 
comprehensiveness  f  functional  coverage  only  through  some  sacrifice  in  the  resolution  with  which 
specific  activities  are  treated.  Therefore,  the  model  should  be  considered  as  a  medium-resoiution 
model.  The  user  retains  general  control  of  the  battle  by  issuing  orders  *o  individual  units.  These  orders 
may  be  given  in  a  manner  that  the  unit  will  execute  them  sequentially,  or  execution  may  be  made 
dependent  upon  the  condition  of  some  dynamic  element  in  the  battle  {e.g..  time,  the  location  of  a  unit, 
or  the  number  of  personnel  remaining  in  a  unit.)  Functions  and  activities  simulated  by  the  DIVWAG 
model  include  intelligence,  ground  combat,  area  fire,  air-ground  engagement,  mobility,  engineer,  com¬ 
bat  service  support,  air  mobile  operations,  and  the  effects  of  nuclear  weapons  1  he  DIVWAG  model  is 
capable  of  simulation  of  up  to  14  d  of  continuous  combat.  Although  designed  for  force  con. position  and 
doctrine1  studies,  the  basic  design  of  it  allows  a  great  deal  of  flexibility  in  use.  In  addition  to  employ¬ 
ment  in  a  war  game  of  successive  periods  of  play,  it  can  be  employed  as  a  pure  simulation  without 
gamer  intervention.  For  example,  a  single  period  of  engagement,  using  a  scenario  from  u  larger  game, 
can  be  placed  to  examine  the  p  trformance  of  specific  systems. 

Following  extensive  testing  of  DIVWAG  in  1072,  further  refinement  and  testing  have  been  conduct¬ 
ed  by  the  War  (James  Division,  Scenarios  and  War  Gaming  Directorate,  (CACDA).  The  DIVWAG 
model  develops  casualties  from  direct  and  indirect  fire^  of  all  weapons  except  that  small  arms  and 
other  short-range  weajxins  of  dismounted  infantry  are  not  fully  represented,  principally  because  of 
spatial  aggregation  in  the '.model. 

Some  of  the  more  mceni  studies  supported  by  the  DIVWAG  model  include:  Family  of  Scatterable 
Mines  (FASCAM)  studies.  Scptemoer  1973  -  August  1 774 ,  and  January  -  August  1977;  Integrated  In¬ 
telligence  From  All  Sources  (UFAS)  Sti  dy.  May  -  September  1973;  Antiarmor  Systems  Program 
Review  (A.SPR)  Study,  November  1973  -  April  1 976 ;  Leg  il  Mix  V  Studies  Phase  I,  May  -  August 
1976.  Phase  II.  January  -  March  1977,  Phase  II!,  August  -  December  1977. 

!he  DIVWAG  mexie!  is  operational  on  the  CDC  6500  computer  at  Fort  Leavenworth.  The 
program,  with  overlays,  requires  approximately  37, (XX)  (decimal)  words  of  Central  memory  storage  to 
exec  ute  Approximately  3  million  (decimal)  words  of  disk  storage  (used  to  store  the  data  files),  and 
three  tane  drives  arc  also  required  The  time  required  to  perform  the  simulation  is  dependent  upon  the 
number  of  units  being  placed  and  the  complexity  of  the  activities  in  which  they  are  ordered  to  engage, 
but  approximately  3  s  of  CPU  time  are  required  to  simulate  1  s  of  game  time.  The  point  of  contact  is 
CACDA.  Fort  Leavenworth.  KS. 

40-4.13  FAST-VAL 

The  FAST-VAL  Model  is  a  two-sided,  deterministic  computer  model  which  simulates  the  ground 
engagement  between  two  infantry  forces  with  and  without  varying  amounts  of  fire  support  (air,  ar¬ 
tillery,  and  mortar).  Fhe  model  was  developed  to  assist  the  Air  Force  in  selecting  weapons,  vehicles, 
and  operational  techniques  for  their  dose  air  support  role.  The  simulation  can, represent  an  infantry 
force  of  up  to  five  companies  on  the  defense  in  prepared  and  unprepared  positions  ai  d  up  to  five  com¬ 
panies  attacking  the  defender's  forces  Infantry  units  are  identified  down  to  company  size,  and  the  ar¬ 
tillery  and  mortar*  are  played  at  batteries  Those  weapon*  represen.ed  in  the  infantry  force  are  rifles 
and  machine  guns  ITe  supfiorting  fires  represented  are  air-del.vered.  artillery,  and  mortar  weapons. 
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Two  degrees  of  protec  turn  can  be  given  to  the  infantry  and  support  personnel  in  dismounted  positions. 
Protection  factors  can  be  assigned  on  a  permanent  or  a  temporary  basis  to  bunkers  for  defenders  and 
lor  the  attacking  force  mounted  in  AFC's  moving  to  the  line  of  departure  The  battle  area  is  broken 
into  Piu-m  grid  squat es  with  personnel  and  weapons  played  being  identified  with  each  grid.  Weapons 
effects  (personnel  losses  and  material  losses  ;  are  raiculated  for  artillery,  mortar  rounds,  volleys,  and 
for  concentrations  and  air-delivered  sucks  or  patterns.  The  Full  Sprav  Lethal  Area  Program  is  used  to 
evaluate  the  effects  ot  fragmentation  of  the  indiv  idual  rounds.  Round-to-round  ballistic  and  volley  aim 
dispersion  errors  are  med  to  transform  fail  spray  damage  functions  into  volley  pattern  damage  func¬ 
tions.  t  hese  pattern  damage  functions  are  used  to  calculate  casualties  at  targets  in  both  the  vicinity  of 
and  at  the  aim  point.  Rifle  and  machine  gun  veapon  effects  are  expressed  as  expected  casualties,  as  a 
function  of  range  and  posture  of  targets  for  both  single  round  fire  and  burst  of  rounds  fire.  Provision  for, 
reduced  efficiency  in  delivers  of  firepower  and  speed  of  movement  due  to  suppressive  fire  also  has  been 
incorporated  into  the  model  The  input  .equipments  for  the  model  include  definition  of  the  attacking 
unit-characteristics  of  riflemen  and  support  personnel,  posture/time  tablfes.  weapons/vehicle  charac¬ 
teristics.  rifle  company  characteristics,  delivery  schedule,  range  limits  and  firing  rates;  definition  of 
defending  units — -a  me  as  those  for  the  attacking  unit;  definition  of  the  infantry  action — engagement 
table;  advance  characteristics — engagement  ranges,  troop  carrier  characteristics,  influence  of  suppres¬ 
sion.  influence  of  cumulative  fraction  of  casualties  upon  advance  rates;  and  small  arms  characteristics 
for  attacker  and  defender'.  A  summary  of  the  status  of  all  units  and  a  summary  of  the  status  of  the 
several  engagements  are  primed  for  each  simulation  cycle.  Additionally,  the  user  may  request  print¬ 
outs  describing  the  staius  of  all  units  at  the  end  of  each  cycle  and  the  aim  points  selected  for  mortars, 
artillery,  and  air-delivered  munitions.  As  can  be  seen  by  the  description,  the  model  is  of  high  resolu¬ 
tion  It  produces  detailed  output  and  is  free  running  once  started.  However,  limitations  are  that  only 
rifles,  mortars,  and  machine  guns  of  the  infantry  force  are  represented  while,  in  reality,  today's 
mechanized  infantrv  units  have  many  more  supporting  weapons— grenade  launchers.  LAW'S, 
recoilless  rifles,  tanks,  etc  — organic  to  the  organization  or  attached  during  battle.  Additionally, 
FAST-V’AL  docs  not  discriminate  between  killed  in  action  (KIA>  and  wounded  in  action  (W'lA) 
although  suc  h  a  capability  could  be  added,  as  in  most  of  the  other  models.  FAST-V'AL  does  address 
the  small  unit  engagement  area  in  considerable  depth,  and  significant  efforts  have  been  made  to  com¬ 
pare  its  results  to  those  of  a  series  of  actual  small  unit  engagements  in  Vietnam.  In  number  of  Blue 
casualties  incurred,  these  comparisons  are  surprisingly  dose.  However,  the  outcome  or  winner  of  the 
fight  does  not  so  much  prove  the  rectitude  of  FAST-V'AL  as  a  predictor  of  small  unit  infantry 
casualties  and  fight  outcomes,  as  it  confirms  what  has  been  shown  elsewhere:  given  operational  inputs 
that  are  correct  in  essentially  all  respects,  a  reasonably  designed  model  can  recreate  accurately 
historical  results.  FAS  1  -V  AL  attempts  to  predict  the  outcome  (winner  and  casualties)  of  a  fire  fight  as 
a  function  of  weapons  and  tactics  employed  rather  than  predicting;  for  example,  what  engagement  will 
occur  in  a  battle  or  how  much  of  what  munition  will  be  employed  in  a  fight.  The  program  is  written  in 
FOR  I  RAN  IV  for  an  IBM  160/63  computer  and  requi.es  190k  bytes  of  core  storage  memory.  The 
model  was  developed  bv  HAND  for  the  Air  Force  during  1970-1971  to  support  Air  Force  requirements 
for  close  ar  support.  The  point  of  contact  for  this  model  is  the  Deputy  Chief  of  Staff,  Research  and 
Development,  A  ITN  RAND  Project  Office,  Headquarters,  US  Air  Force,  Washington,  DC. 

40-4. H  OEM  III  [CONCEPTS  (FORMERLY  CONAF)  EVALUATION  MODEL  III] 

GEM  III  .»  a  two-sided,  deterministic,  theater-level  warfare  simulation  (fully  computerized).  It  was 
designed  to  encompass  all  combat  aspects  of  theater  warfare,  in  .’  dynamic  way,  covering  an  entire 
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campaign  and  permitting  evaluation  of  a  force  alternative  in  about  one  week,  while  remaining  sensitive 
to  important  force  characteristics.  CEM  represents  ground  combat  engagements  on  given  terrain. 
CEM  resolution  is  at  the  level  of  Blue  brigade  and  Red  division.  Much  input  of  a  judgmental  or 
historical  data  nature  is  used.  CEM  concentrates  on  representing  the  sequential  decision  making  at 
theater,  army,  corps,  and  especially  division  levels,  to  determine  the  allocation  of  resources  and  the 
missions  to  be  undertaken  by  the  various  units  as  the  battle  progresses.  Periodically,  estimates  of  the 
situation  are  represented — on  the  basis  of  which  decisions  are  reached  and  implemented  at  each  of 
those  four  echelons.  At  division  level,  this  process  is  repeated  every  12  h.  at  corps  level  every  24  h,  at 
army  levels  every  48  h,  and  at  theater  levels  e  ery  96  h.  Decisions  are  determined  by  input  alternatives 
and  criteria  which  are  compared  with  the  status  of  units,  estimated  unit  force  ratios,  missions, 
postures,  and  anti'  ipated  engagement  outcomes  down  to  the  brigade  level,  by  minisector.  Unit  status 
reflects  losses  and  replenishments.  Losses  are  a  function  of  engagement  type  and  outcome.  Replenish¬ 
ments  include  personnel  and  materiel.  Estimated  force  ratios  and  anticipated  outcomes  reflect  imper¬ 
fect  know  ledge.  Up  to  1000  minisectors  can  be  represented;  each  designates  the  front  of  a  resolution 
unit  which  may  be  opposed  by  one  or  more  adjacent  resolution  units  whose  minisector  boundaries 
need  not  be  coincident  with  those  of  the  opposer.  Minisector  traces  must  be  specified  as  pregame  in¬ 
put,  conforming  to  map  terrain  features.  Firepower  potential  is  modified  to  reflect  the  circumstances  of 
each  engagement,  in  which  only  the  firepower  is  counted  for  which  there  are  targets  present.  To  sim¬ 
plify  firepower  calculations,  ground  targets  are  classed  as  “hard”  (e.g.,  tank  weapons),  “medium”,  or 
“soft".  Similarly,  ground  missions  are  classed  in  three  categories:  attack,  defend,  and  delay.  Four 
types  of  terrain  are  defined:  roadway  passage  only,  cross-country  possible  with  difficulty,  no  im¬ 
pedance  to  movement,  and  barrier.  Decisions  made  include  distribution  of  replenishments,  commit- 
merit  or  retention  of  reserves,  assignment  of  newly  arriving  (input  scheduled)  reinforcing  units,  alloca¬ 
tion  of  close  air  support  and  artillery,  and  the  unit  mission  and  posture  to  be  adopted  during  the  next 
period  Air  resources  are  similarly  allocated  to  air  defense,  counterair,  armed  reconnaissance/interdic¬ 
tion.  and  close  air  support.  Assessment  of  employment  of  air  resources  includes  losses  to  aircraft  in¬ 
ventories,  aircraft  ground  facilities,  and  air  defenses.  This  assessment  also  determines  whether  the  air 
environment  is  friendly  for  ground  forces  whose  delays  between  allocation  and  availability  are  affected 
accordingly.  Fire  support  is  allocated  to  strong  units  in  attack  and  to  weak  units  in  defense.  Engage¬ 
ment  outcomes  are  win,  lose,  or  draw.  Rate  of  the  forward  edge  of  the  battle  area  (FEBA)  movement  is 
based  on  these  outcomes  plus  input  data.  Although  deterministic,  the  model  may  yield  substantially 
different  results  from  similar  forces  because  of  the  complex  dependent  sequence  of  threshold-type  deci¬ 
sions  made  during  the  course  of  a  lengthy  battle.  Th"S  it  is  difficult  to  relate  cause  and  effect.  CEM 
outputs  VVIA  and  KIA  based  on  input  adapted  from  FM  1 01  -10- 1 .  Other  elements  of  theater  person¬ 
nel  replacement  are  similarly  treated.  CEM  ill  is  an  improved  version  of  CEM  which  was  developed 
in  1971  by  the  Research  Analysis  Corporation  (now  GRC)  for  use  in  the  CONAF  (Conceptual  Design 
of  the  Army  in  the  Field)  methodology  and  study.  CEM  can  be  run  by  GRC  and  by  US  Army  Con¬ 
cepts  Analysis  Agency.  Hie  model  is  programmed  in  FORTRAN  IV  and  req  .res  100k  on  the  UNI- 
VAC  1 108  and  CDC  6600  series  computer  for  core  storage.  Two  days  of  combat  require  about  one 
minute  of  CPU  time. 

40-4.15  TARTARUS  IV 

TARTARUS  is  a  player-assisted,  two-sided,  differential  model  of  theater  level  combat,  with  resolu¬ 
tion  to  the  brigade  or  division.  The  model  is  designed  to  study  the  effect  of  weapon  systems  and  their 
mixes  and  can  simulate  the  attack,  defense,  delay,  and  counterattack.  Firepower  scores  modified  by 
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the  interactions  are  used  in  differential  equations  to  assess  movement  and  casualties.  The  model  repre¬ 
sents  the  effects  of  tank,  infantry,  and  tank/infantry  forces  supported  or  not  supported  by  artillery  or 
like  forces.  Target  acquisition,  engagement,  and  movement  ate  played.  Four  to  300  brigade/division 
size  units  can  be  played  with  94  items  of  equipment  identified  (10  weapons  classes  and  3  firing  classes 
can  be  programmed).  Every  battle  hour,  or  as  inputted  opposing  units  are  acquired,  the  target  list  is 
updated.  The  firing  interval  may  be  as  small  as  one  minute.  Weapons  are  assumed  to  distribute  their 
fires  among  available  targets  within  range  according  to  a  formula  based  upon  unit  mission,  range  to 
the  targets,  surveillance  factors,  and  maximum  range-firing  fraction  (a  factor  given  to  weapons  based 
upon  their  '-apabiliiv  to  fire  at  maximum  range  in  a  particular  type  mission — i.e.,  hasty  defense,  at¬ 
tack,  etc.).  The  computer-developed  assessment  is  highly  sensitive  to  the  weapons-class  versus 
weapons-class  effectiveness  factors  which  combined  with  unit  "hardness  indicators”  and 
“breakpoints”  will  determine  the  outcome  of  any  simulated  engagement.  The  outputs  of  the  model  are 
a  unit  status  report  which  gives  the  general  status  of  the  unit;  deta.led  strength  and  loss  report 
(strengths  and  losses  of  each  unit  by  weapon  class);  ammunition  and  tuel  expenditure  report;  sum¬ 
mary  of  losses  by  weapon  class  and  side;  number  of  weapons  lost  by  unit  and  weapon  type;  and  dis¬ 
plays  (off-line  Calcomp  Plotter)  showing  unit  location,  frontages,  unit  movement  routes,  and  terrain 
data  set.  The  model  was  developed  by  the  US  Army  Strategy  and  Tactics  Analysis  Group  (STAG) — 
now  the  Concepts  Analysis  Activity  (CAA) — and  is  written  in  FORTRAN  V  for  the  UNI  VAC  1 108 
computer.  The  effort  required  to  run  the  model  is  based  on  the  number  of  units  and  size  of  the  area 
played.  The  point  of  contact  is  the  USA  Concepts  Analysis  Agency,  8120  Woodmont  Avenue, 
Bethesda,  ML). 

40-4.16  TBM  (THE  THEATER  BATTLE  MODEL) 

I  BM  is  a  comprehensive  manual  war  game  of  tactical  combat  operations  involving  all  types  of 
theater  forces  (land,  sea,  and  air)  under  a  conventional  or  nuclear  environment.  The  level  of  resolution 
for  land  forces  is  the  division;  for  air  elements,  the  flight  for  conventional  weapons  and  the  sortie  for 
nuclear  weapons;  and,  for  sea  forces,  the  task  force.  The  Research  Analysis  Corporation  (RAC)  was 
directed  in  1968  to  develop  a  family  of  compatible  models  adding  capabilities  to  simulate  CBR,  air 
mobile  operations,  and  counterguerrilla  warfare  operations  to  the  1963  version  of  TBM.  The  models 
were  Theater  War  Game,  Theater  Quick  Game,  Division  Operations,  Amphibious  Warfare,  and 
Counterguerrilla  Warfare  Model.  While  elements  of  this  TBM  appear  in  several  different  war  games 
which  carry  TBM  in  their  name,  the  version  referred  to  here  is  a  tactical  war  game  which  has  been 
reported  to  acquire  30  gamers  and  to  proceed  at  a  1:1  ratio  of  combat  to  real  time.  The  point  of  contact 
is  the  National  Military  Command  System  Support  Center  (NMCSSG),  the  Pentagon,  Washington, 
DC. 

40-4.17  THEATER  AMMORATES  (THEATER  NONNUCLEAR  AMMUNITION  COMBAT 
RATES  MODEL) 

THEATER  AMMORATES  is  more  properly  called  a  methodology  than  a  model  since  a  group  of 
nine  models  are  employed  separately — with  the  results  of  one  being  a  partial  input  to  another — in  a 
series  of  off-line  steps  culminating  in  a  final  proegesing  and  aggregating  run  by  the  THEATER  AM¬ 
MORATES  model.  THEATER  AMMORATES  was  designed  to  predict  Army  expenditures  of  non¬ 
nuclear  ammunition  in  hypothetical  theater  campaigns  of  90  or  180  days  in  Europe  and  the  Pacific. 
Such  predictions  are  to  serve  as  the  basis  for  Department  of  the  Army  plans  and  decisions  on  ammuni¬ 
tion  stockage  and  procurement,  as  a  part  of  the  annual  DOD  budgetary  process.  The  THEATER 
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AMMORATES  model  which  generates  the  final  output,  is  a  two-sided,  deterministic  model  of 
theater  level  ground  warfare,  including  artillery  and  helicopters.  The  model  uses  specially  developed 
scenarios,  and  input  data  from  the  various  submodels,  to  simulate  a  theater  campaign,  including  in¬ 
tense  initial  periods  oi  conflict  and  subsequent  sustaining  periods.  The  eight  submodels  are  of  various 
types.  The  Tank-Antitank  submodel  and  the  Helicopter  Antiarmor  model  are  both  two-sided,  smail 
unit,  high-resolut:on.  deterministic  models.  The  Infantry  submodel  is  a  two-sided,  small  unit,  high- 
resolution.  Monte  Carlo  simulation.  The  Helicopter  Antipersonnel  submodel  is  a  one-sided,  small 
unit,  high-resolution.  Monte  Carlo  simulation.  The  Artillery  Casualty  Assessment  submodel  is  a  one¬ 
sided.  high-resoh  "ion.  Monte  Carlo,  munition  delivery  and  target  effects  simulation,  ft  is  supported 
by  a  one-sided,  Monte  Carlo  target  acquisition  simulation  and  separate  deterministic  models  for  Red 
and  Blue  artillery,  representing  tactical  rules  and  weapon  allocation  processes  of  the  fire  direction 
center  and  the  availability  of  weapons  to  respond  to  the  time-phased  fire  missions.  The  Air  Defense 
submodel  is  essentially  a  one-sided  manipulator  of  judgmentally-derivea  input  data.  As  a  whole, 
THEATER  AMMORATES  represents  most  of  the  major  types  of  weapon  system-versus-unit  interac¬ 
tion  that  result  in  personnel  casualties.  Close  air  support  by  fixed-wing  aircraft,  however,  is  not 
represented,  except  by  Air  f  ort  e  input  data.  THEATER  AMMORATES  is  unusual,  moreover,  in  be¬ 
ing  intended  to  generate,  with  limited  resources,  numbers  having  a  reasonable  degree  of  ab,  ,lutr 
validity,  rather  than  simply  the  r/r'j.y  validity  which  is  often  sufficient  for  comparative  evaluation  of 
forces  or  weapon  systems.  Thus  the  makeup  and  development  of  this  overall  model  reflects  some  con¬ 
cern  with  the  matter  of  "representativeness"  of  :he  subnumbers  used  and  generated  and  with  the  mat- 
tei  of  creating  realistic  rates  of  battle  activity  as  far  as  ammunition  expenditures,  and  to  some  degree 
casualties,  are  concerned.  Typically,  in  operation  of  the  model,  military  experience  is  used  to  define — 
based  on  a  detailed  scenario — the  small  unit  engagements  likely  to  occur  in  each  of  a  series  of  con¬ 
secutive  six-hour  periods  for  a  typical  divi  :on  slice.  As  many  as  40-50  such  engagements  may  be  iden¬ 
tified  in  one  such  six-hour  period.  Based  on  those  defined  engagements,  about  100  representative 
engagements  are  simulated  with  the  relevant  high-resolution  submodels.  Results  of  those  simulations 
are  used  to  fill  80  main  cells  in  a  limited-situation  matrix,  reflecting  four  operation  types  or  “postures" 
(attack,  defense  light,  defense  heavy,  and  delay),  five  types  of  engagement  (infantry,  tank-antitank, 
helicopter  antitank,  helicopter  antipersonnel,  and  indirect  fire  support),  and  four  six-hour  portions  of 
the  day  and  night. 

THEATER  AMMORATES  was  initially  developed  in  1967-68  by  Eyler  Associates,  Frederick, 
MD,  for  what  is  now  known  as  US  Army  Concepts  Analysis  Agency  (CAA).  Modifications  and  im¬ 
provements  have  been  made  by  CAA.  Also  CAA  has  maintained  the  model  with  a  staff  of  five  analysts, 
and  it  has  been  exercised  annually  since  1968.  It  is  programmed  in  FORTRAN  IV  for  the  UNIVAC 
1 108  computer,  cn  which  the  various  submodels  each  require  from  20k  to  50k  of  core  and  consume 
from  about  one  minute  to  three  hours  of  CPU  time  per  “case”  run.  The  point  of  contact  is  CAA. 

40-4.18  TXM  (TANK  EXCHANGE  MODEL) 

TXM  is  a  two-sided  medium-high  resolution  stochastic  simulation  model  developed  to  assess  tank 
lethality  and  vulnerability.  A  total  of  10  elements  can  be  used  as  inputs  and  can  be  cither  tanks  or  an¬ 
titank  weapons.  Any  combination  of  the  10  elements  may  be  examined,  a  constraint  being  that  attack¬ 
ing  tanks  must  be  all  of  the  same  type.  Attacking  tanks  are  allowed  movement  along  straight  line 
predetermined  paths,  w  hereas  defending  tanks  and  antitank  weapons  remain  stationary.  Line  of  sight 
is  prescribed  by  the  user,  and  scoring  is  on  a  one-to-one  basis.  Into  each  such  cell  data  is  loaded  on 
Blue  and  Red  ammunition  expenditures,  personnel  casualties,  armor  losses,  and  helicopter  losses.  The 
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THEA  TER  AMMORATES  model  then  acce  its  these  data  and  aggregates  and  extrapolates  to  the 
theater  (L’S  Army  Sector).  In  performing  this  process,  the  model  updates  the  Index  of  Comparative 
Firepower  (ICE)  scores  of  the  opposing  forces  to  account  for  losses,  reinforcements,  replacements,  and 
returns  to  duty,  and  uses  the  ICE — together  with  scenario  data,  criteria,  and  doctrine — to  define  fron¬ 
tal  activity  on  a  period-by-period  basis.  A  cumulative  totai  of  expenditures,  casualties,  and  losses  is 
recorded  for  each  period  and  at  the  end  of  the  campaign,  for  the  theater. 

40-4.19  ATLAS  (A  THEATER  LEVEL  COMBAT  SIMULATION  OR  A  TACTICAL, 
LOGISTICAL,  AND  AIR  SIMULATION) 

ATLAS  is  a  computerized  theater  level  combat  simulation  consisting  primarily  of  four  models:  the 
Ground  Combat  Model,  the  Tactical  Air  Model,  the  Logistics  Model,  and  the  Tactical  Decision 
Model.  I'he  following  quote  from  Ref.  9  describes  ATLAS  and  the  models. 

“A  game  scenario  which  states  the  specific  objectives,  the  constraining  policies  to  be  followed,  and 
the  combat  forces  available,  essentially  guides  the  simulation  from  the  start.  From  this  scenario  and 
the  developing  tactical  situation  comes  information  which  triggers  the  tactical  decision  model  into 
sending  troops,  supplies,  and  equipment  to  the  other  models.  These  models  then  interact  in  a  tactical 
sense  and  thus  develop  the  combat  situation. 

“The  simulation  regards  the  tactical  battlefield  as  being  divided  into  non-interacting  battle  areas 
called  sectors. , 

“In  general,  the  smallest  discrete  combat  unit  simulated  in  any  given  sector  is  a  combat  division. 
Since  the  ground  combat  model  is  designed  to  determine  unit  advance,  each  sector  is  further  divided 
into  s(i\ment\  so  that  trafficability  within  each  segment  may  be  considered  constant.  Terrain  and 
natural  or  man-made  barriers  affect  military  movement,  so  six  types  of  terrain-barrier  combinations 
are  simulated  in  the  model. 

“Each  battle  sector  also  has  a  logistics  system,  a  one-dimensional  supply  system  extending  from 
theater  ports  or  central  staging  areas  to  the  most  forward  supply  area  near  the  combat  zone.  Inter¬ 
mediate  supply  centers  or  supply  nodes  are  simulated  to  service  airbases  and  other  rearward  elements. 

“To  complete  the  view  of  the  ATLAS  battlefield,  it  shows  tactical  aircraft  activities:  interdiction, 
air-to-air  engagements,  and  close  air  support. 

“Tying  these  three  models  together  so  that  the  simulation  may  proceed  day-by-day  with  no  in¬ 
terruptions  is  the  function  of  the  tactical  decision  model.” 

40-4.19.1  Ground  Combat  Model  (Ref.  9) 

“The  functions  of  the  ground  combat  model  are  to  compute  rates  of  advance  of  forces,  casualties  per 
day  and  unit  effectiveness.  In  attempting  to  calculate  the  daily  advance  of  the  attacking  force,  this 
model  examines  the  forces  assigned  to  combat  on  each  side  and  determines  their  present  level  of  com¬ 
bat  effectiveness  in  accordance  with  a  loss  of  personnel  or  supplies  and  equipment. 

“The  measure  of  combat  effectiveness  used  in  the  model  is  called  ICE  (Index  of  Combat  Effec¬ 
tiveness),  based  on  the  relative  firepower  of  units. 

“In  determining  how  effective  a  combat  unit  is  on  a  given  day,  it  is  assumed  that  the  unit’s  effec¬ 
tiveness  can  be  measured  as  a  function  of  the  percent  casualties  to  the  unit,  the  level  of  the  unit’s  sup¬ 
plies  and  equipment,  and  the  particular  activity  of  the  unit — attacking  or  defending.  To  determine  at 
what  point  a  combat  unit  becomes  ineffective  is  a  difficult  procedure.  However,  the  effects  of  casualties 
must  be  taken  into  account  and  this  is  accomplished  by  the  effectiveness  curves.  These  curves  indicate 
the  percent  degradation  of  unit  effectiveness  as  a  function  of  casualties  received  when  attacking  or 
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defending.  The  effect  of  a  given  casualty  level  is  greater  on  an  attacking  unit  than  on  a  defending  unit. 
This  is  because  an  attack  normally  requires  rapid  movement,  good  coordination,  and  higher  organi¬ 
zational  integrity. 

“Other  curves  of  the  ATLAS  Model  are  available  for  degrading  effectiveness  as  a  function  of  supply 
level.  The  effectiveness  value  finally  used  is  the  minimum  of  the  value  due  to  casualties.or  the  value  due 
to  lack  of  supplies." 

40-4.19.2  Logistics  Model  (Ref.  9) 

"In  order  that  ATLAS  be  capable  of  realistically  assessing  the  outcome  of  deploying  forces  rapidly 
to  meet  a  given  threat,  a  model  of  the  theater  logistics  capability  is  required.  A  model  of  this  nature 
should  simulate  such  things  as  the  movement  of  supplies  to  the  deployed  combat  units,  the  interdiction 
of  supplies  being  forwarded,  the  movement  of  new  units  through  the  theater  to  the  combat  zone,  and 
the  stockpiling  of  supplies  within  the  theater,  if  desired.  A  basic  premise  of  the  model  is  that  the  resup¬ 
ply  cf  deployed  units  takes  priority  over  the  deployment  of  new  units,  with  the  building  of  stockpiles 
taking  third  priority. 

"Within  each  battle  sector,  the  network  of  LOCs  [lines  of  communication],  both  rail  and  road,  are 
represented  by  a  single  series  of  supply  nodes.  These  supply  nodes  are  located  for  each  side  approx¬ 
imately  1  day’s  overland  journey  apart.  Each  node  is  described  by  certain  characteristics  that  indicate 
the  maximum  daily  output  by  ground  means,  light  helicopters,  or  fixed  wing  transport  aircraft.  If  a 
specif  ic  node  is  required  to  stock  a  certain  level  of  supplies,  this  is  also  indicated.  Nodes  which  simulate 
ports  or  large  airbases  generally  are  the  receiving  points  for  direct  delivery  of  troops,  supplies,  and 
equipment  into  the  theater.  The  operational  capabilities  of  these  nodes  are  scenario  dependent  and  are 
specified  in  the  input  data. 

“For  each  combat  sector  the  node  immediately  behind  the  FEBA  is  designated  the  forward  supply 
point,  and  is  responsible  for  resupplying  all  the  combat  troops  in  that  sector.  For  the  first  day  of  com¬ 
bat,  the  supply  node  which  is  to  be  the  forward  node  is  specified  in  the  input  data.  Thereafter,  the 
movement  of  the  FEBA  is  examined  to  discover  whether  the  previous  day’s  forward  supply  node  has 
been  overrun(  or  if  it  can  now  be  moved  to  a  more  forward  node. 

“The  logic  that  simulates  the  flow  of  supplies  is  the  same  for  each  sector  and  deals  first  with  the 
forward  node.  A  demand  from  the  ground  combat  units,  which  varies  with  the  number  and1  type  of 
demanding  unit  as  well  as  its  combat  posture,  is  created  and  sent  to  the  forward  supply  node.  If  this 
node  cannot  meet  the  demand,  the  next  most  reaiward  node  attempts  to  meet  it.  If  this  node  a  so  fails, 
supplies  may  be  forwarded  by  air  from  a  more  rearward  node  if  the  .apability  is  available. 

"When  the  daily  movement  of  supplies  has  been  completed  all  remaining  ground  ani  airlift 
capacities  are  used  to  move  fresh  troops  and  equipment  to  the  combat  zone. 

“The  logic  of  this  model  was  designed  so  that  for  stable  combat  conditions  and  adequate  logistic 
support,  supplies  should  flow  smoothly  into  the  forward  supply  node  and  hence  to  the  corsuming 
units.  However,  if  the  movement  capabilities  are  low,  or  the  enemy  interdiction  effort  is  he  ivy,  the 
combat  effectiveness  of  active  units  may  be  degraded  and  the  total  number  of  combat  missions  that 
could  be  flown  from  any  one  airbase  may  be  restricted. 

“The  ground  model  handles  the  daily  combat  actions  (and  the  subsequent  FEBA  advance)  and  the 
logistics  model  attempts  to  keep  supplies  moving  forward  to  insure  maximum  combat  effectiveness.” 
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40-4.19.3  Tactical  Air  Model  (Ref.  9) 

'  The  tactical  air  model  accounts  for  mission  assessment  relating  to  SAM  suppression,  airbase  inter¬ 
diction.  air  defense,  close  air  support,  and  supply  interdiction.  Daily  operation  of  the  air  model  de¬ 
pends  on  a  tactical  air  controller,  simulated  within  the  decision  model,  to  assign  comoat  aircraft  to 
each  sector.  Aircraft  are  assigned  to  sectors  on  the  basis  of  the  tactical  environment,  the  airbase 
capability  and  the  aircraft  availability. 

"Once  aircraft  are  assigned  to  sectors,  the  air  model  makes  assignments  to  specific  airbases  within 
the  sector  for  a  home  base  location  and  logistical  support.  The  home  base  location  is  necessary'  as  a 
basis  for  evaluating  the  combat  radius  of  the  aircraft.  A  combat  radius  determines  the  maximum  depth 
to  which  missile  sites,  airbases,  and  supply  nodes  may  be  interdicted.  All  distances  are  calculated  from 
the  node  that  supplies  the  home  base  to  the  nodes  associated  with  the  target  elements. 

"Target  elements  such  as  missile  site*;  and  air  bases  are  specific  missions  in  the  general  air 
superiority  role.  The  logic  of  the  air  model  assumes  that  all  active  airbases  and  missile  sites  within 
range  of  the  combat  aircraft  are  vulnerable  to  attack.”  (Ref.  9  gives  further  details.) 

To  have  the  ait  model  operate  on  a  24-h  cycle  from  day  to  day  without  additional  mission  type  or¬ 
ders  requires  a  routine  to  assign  aircraft  to  tactical  missions  each  day.  This  is  done  by  a  set  of  mission 
assignment  curves.  The  number  of  aircraft  assigned  to  each  mission  are  determined  by  the  relative 
strength  of  air  power  per  sector.  As  one  side  achieves  air  superiority,  more  and  more  aircraft  are 
assigned  to  close  air  support  and  interdiction  missions  The  curves  are  entirely  arbitrary.  Any  set  of 
such  (appropriate)  curves  may  be  used. 

40-4.19.4  Tactical  Decision  Model  (Ref.  9) 

“The  function  of  the  fourth  and  last  model,  the  tactical  decision  model,  is  to  allow  the  simulation  to 
proceed  through  an  entire  war  without  interruption.  One  application  of  the  simulation  is  to  assist  in 
rapid  deployment  studies,  hence  in  situations  where  troops,  supplies,  and  equipment  will  be  scheduled 
to  arrive  at  ports  and  air  bases  at  various  times  during  a  war.  This  model  is  specifically  designed  to 
determine  the  sectors  to  which  newly  arrived  combat  units  might  best  be  deployed,  to  determine  the 
distribution  of  supplies  and  missile  units  as  they  enter  the  theater,  and  to  allocate  tactical  aircraft  on  a 
daily  basis  to  each  sector  for  both  sides. 

"The  decision  model  assigns  a  new  unit  to  a  particular  sector  in  the  following  way:  after  viewing  the 
type  combat  actions  in  all  battle  sectors,  the  model  determines  in  which  sector  the  attacking  force, 
could  reach  some  predesignated  defensive  position  in  minimum  time.  This  position  may  be  a  strategic 
phase  line  or  the  enemy’s  final  objective  itself.  If  there  is  no  movement  on  the  front  when  this  assess¬ 
ment  is  made,  minimum  distance  becomes  the  criterion  instead  of  minimum  time: 

"Instances  may  well  occur,  however,  where  an  additional  unit  assigned  to  a  sector  will  overburden 
the  logistics  capability  of  the  sector.  Therefore,  before  the  new  unit  is  assigned  to  the  sector,  the  ability 
of  that  sector  to  resupply  existing  combat  units,  to  transport  replacement  items  and  supplies,  and  to 
move  the  new  unit  through  the  system  is  carefully  evaluated.  If  the  sector  in  its  present  condition  is  not 
able  to  handle  the  new  unit,  other  sectors  are  then  evaluated  as  to  their  capability,  always  keeping  the 
tactical  need  foremost  in  mind. 

“The  allocation  of  cpmbat  aircraft  to  battle  sectors  is  a  function  of  the  tactical  situation  existing  in 
the  sector.  Three  tactical  situations  are  possible:  (1)  the  aggressor  forces  advancing,  (2)  the  aggressor 
forces  retreating,  nnd  (3)  the  forces  stalemated  (i.e.,  no  FEBA  movement). 

“These  situations  are  assumed  to  be  assignment  priorities  in  the  order  1 ,  3  for  the  aggressor  force. 

Thus  each  day  the  aircraft  are  assigned  to  the  highest  priority  available.  If  the  same  situation  exists  in 
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more  than  one  sector,  aircraft  are  assigned  in  proportion  to  the  ICE  of  the  opposing  force  in  the  sectors 
involved.  Hence  any  desired  change  in  the  logic  or  priority  assignment  of  aircraft  may  be  made  by 
reordering  the  above  situations. 

"As  supplies  enter  the  theater  they  may  be  either  earmarked  for  a  specific  combat  unit  or  dis¬ 
tributed  to  the  various  sectors  where  need  is  the  greatest.” 

40-5  SOME  CRITICISMS  OF  COMBAT  ANALYSIS  MODELS 

Perhaps  the  reader  will  easily  see  that  although  many  of  the  combat  analysis  models  are  ~ , 
valuable  for  training  purposes,  for  studying  weapon  mix  problems,  force  structure  analyses  for  iden¬ 
tifying  problem  areas  of  combat  evaluations,  etc.,  they  are  still  under  development  evolving 
somewhat  slowly  into  completely  acceptable  methodology.  Although  better  alternati  ■  to  war  game 
studies  and  computerized  combat  simulations  do  not  now  exist,  it  should  not  be  saic  -hat  “all  is  well” 
with  the  combat  analysis  models  generally.  This  state  of  affairs  is  rather  well  recognized  and  continues 
to  be  under  discussion,  for  example  as  indicated  in  Refs.  12-17  and  the  Bibliography.  Davis,  Magee, 
and  Pfortmiller  (Ref.  12)  point  out  that,  “Increasingly,  we  are  faced  with  choosing  between  some 
closed  combat  model  and  a  manual  or  computer-assisted  war  game,  v.  nere  the  choices  present  long 
lists  of  generally  disjoint  advantages.”.  These  authors  think  that  the  Scenario  Oriented  Recurring 
Evaluation  System  (SCORES)  ".  .  .  is  maturing  and  is  beginning  to  provide  a  solid  framework  for 
identifying  the  important  independent  variables  and  environmental  conditions  that  must  be  in¬ 
vestigated”  in  connection  with  combat  analysis  models.  Further,  they  state,  “With  or  without  ade¬ 
quate  data,  and  whether  the  model  logic  is  gross  or  detailed,  ail  combat  simulations  attempt  to  repre¬ 
sent  five  generic  elements  in  some  way,  i.e.,  the  tactical  situation,  the  tactical  interactive  processes,  the 
weapons  and  supporting  systems,  the  physical  interactive  processes,  and  the  physical  environment.  In 
general,  closed  combat  models  treat  the  weapon  and  supporting  systems  and  the  physical  interactive 
processes  fairly  well;  and  progress  is  being  made  currently  toward  improving  the  representation  of  the 
physical  environment  in  these  models.  It  is  tiie  tactical  situation  and  the  interactive  processes  that  are 
represented  poorly,  with  but  a  few  minor  exceptions,  in  our  combat  models.”  .  .  .  “To  summarize,  our 
concept  for  interactive  gaming  is  to  optimize  the  interaction  of  the  gamers  with  the  models,  and  the 
models  with  each  other  at  an  appropriate  level  of  resolution.  Computer  graphs  and  other  recent  com¬ 
puter  hardware  developments,  such  as  storage/ refresh  graphics,  will  be  major  considerations  in  the  de¬ 
sign  and  development  of  input/output  processors.” 

Bross  (Ref.  13)  states  that  the  use  of  “complex  modeling  techniques  is  no  guarantee  of  realistically, 
portraying  combat  interactions,  even  with  the  sophisticated  computer  models  now  available.  Indeed, 
we,  have  seen  that  complexity  and  realism  are  not  synonymous,  and  to  pretend  that  they  are  per¬ 
petuates  a  very  dangerous  myth.” 

Thorp  (Ref.  14)  discusses  a  modification  to  CARMONETTE  to  reflect  observations  gathered  in  a 
series  of  tests  conducted  at  the  US  Army  Combat  Developments  Experimentation  Command  for 
evaluating  antitank  missile  systems  effectiveness.  He  indicates  a  number  of  discrepancies  between 
model  runs  and  field  experiments,  including  excessive  line-of-sight  occurrences  at  long  ranges  caused 
by  inadequate  coding  of  vegetation,  improper  quantification  of  the  activities  of  the  attackers,  and  a 
much  larger  percentage  of  false  targets  engaged  by  the  attackers  in  the  field  experiment  than  in  the 
CARMONETTE  model — just  to  mention  a  few. 

In  a  paper  entitled,  “DYNTACS-X:  Is  It  Worth  the  Price?”,  Burnham  (Ref.  15)  states: 

“Since  its  conception  the  DYNTACS-X  (Dynamic  Tactical  Simulator-Extended)  has  served  as  a 
basis  for  numerous  Masters  and  Ph.D  theses;  it  has  been  praised  and  cursed;  its  results  have  been 
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believed  and  doubted.  Replicating  the  model  for  a  single  set  of  conditions  has  cost  over  510,000  for 
computer  time  alone!  Countless  hours  have  been  spent  poring  over  its  output.  The  data  base  required 
for  DYNTACS  is  the  most  extensive  of  all  combat  models  attempting  to  simulate  up  to  battalion  level 
armored  combat  engagements.  With  the  theme  for  the  Army  Operations  Research  Symposium  XV 
being  “The  Complexity  Crisis  and  How  to  Avoid  It,”  a  cursory  inspection  of  the  detailed  data,  the 
potential  volume  of  output  or  the  magnitude  of  the  FORTRAN  logic  would  surely  cause  one  to  ques¬ 
tion  whether  or  not  DYNTACS  is  worth  the  price.” 

After  further  appropriate  discussion  of  the  DYNTACS-X  simulation,  Burnham,  however,  sum¬ 
marizes: 

“Although  all  combat  models  may  appear  to  be  the  same  on  the  surface,  only  DYNTACS  provides 
the  necessary  details  of  an  engagement  which  are  important  to  interpret  the  gross  MOE  properly. 
However,  DYNTACS  by  itself  is  a  luxury  which  can  scarcely  be  justified  for  use  in  trivial  parametric 
variations.  An  approach  .  .  .  whereby  DYNTACS  is  mated  to  one  of  the  lower  resolution  models 
(TXM,  CARMONETTE,  or  BDM),  would  seem  to  offer  the  greatest  flexibility  and  most  efficient  use 
of  personnel  and  computer  resources  in  support  of  an  in-depth  systems  analysis  effort.” 

Bechtlofft  and  Wiley  (Ref.  16)  point  out  the  need  for  visual  data  representation  as  an  aid  in  analyz¬ 
ing  DYNTACS-X  results.  They  say  “a  reason  for  visual  data  representation  of  DYNTACS-X  results, 
which  anyone  who  has  used  DYNTACS-X  should  be  familiar  with,  is  the  large  volume  of  very  detailed 
information  which  is  normally  printed  from  a  typical  run.  A  typical  run  will  produce  from  500  to  1000 
pages  of  output,  with  some  runs  going  as  high  as  2500  pages.”!  Thus  this  should  give  the  analyst  some 
appreciation  of  the  data  presentation  and  analysis  problem  in  DYNTACS. 

In  spite  of  many,  many  years  of  effort,  therefore,  there  seems  to  be  much  room  for  improving  the 
general  areas  of  war  games  and  combat  simulations  on  a  computer,  and  the  interested  analyst  might 
well  attempt  to  make  some  contributions  in  this  area.  In  addition,  we  might  state  the  need  for  continu¬ 
ing  effort  to  inject  realism  into  the  combat  models;  improving  the  analytical  approximations  now  used 
in  the  computer  runs  or  simulations;  conducting  much  research  on  the  physical  and  tactical  interac¬ 
tions  that  seem  to  be  of  much  importance;  and  last,  but  not  least,  the  use  of  statistical  design  con¬ 
siderations  of  combat  simulations  so  that  improved  analysis  of  final  results  and  outcomes  will  be 
guaranteed.  We  will  illustrate  this  latter  point  in  an  example  on  infantry  type  evaluations  in  Chapter 
41 .  We  also  stress  that  many  of  the  combat  analysis  models  are  costly  in  terms  of  man-months  of  effort 
and  even  in  computer  time  for  many  simulations. 

There  is  also  a  problem  in  assuring  the  decision  maker  of  the  value  of  combat  analysis  models  and 
that  they  meet  >'us  particular  requirements  in  the  critical  decisions  that  must  be  made  occasionally.  In 
addition,  it  is  important  that  the  full  range  of  analysis  requirements  at  multiple  levels  of  combat  fits 
into  an  appropriate  hierarchy  of  combat  analysis  models,  so  that  consistency  is  guaranteed  for  the 
weapon  acquisition  process.  Managers  also  desire  better  documentation  of  the  models  used  by  the 
analyst  in  his  studies— especially  perhaps  in  the  area  of  interactions  among  tactics,  systems,  and  the 
physical  environment.  Finally,  there  seems  to  be  plenty  of  room  for  standardization  of  the  inputs  and 
the  methods  of  analysis  of  results.  Chapter  30  addressed  a  method  of  analysis'  termed  weapon 
equivalence  studies;  this  technique  should  be  considered. 

40-6  NEAR  REAL  TIME  CASUALTY  ASSESSMENT 


In  closing  this  chapter,  we  should  mention  an  investigation  under  way  at  the  US  Army  Combat 
Developments  Experimentation  Command  to  improve  realism  in  experiments  covering  combat 
simulations.  Hollis  (Ref.  18)  indicates  that  field  experimentation  has  the  potential  of  being  a  closer 
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simulation  to  reality  than  do  many  of  the  proposed  techniques  otherwise  recommended  for  combat 
analyses.  Also  he  points  out  that  practicing  "real  time  casualty  extraction"  can  add  the  threat  of  "kill 
or  be  killed”,  which  heightens  realism  and  generates  combat-like  player  reactions.  Until  recently,  such 
freedom  of  action  could  not  be  permitted  in  two-sided  combat  type  experiments,  although  now  the 
hardware/software  system — having  been  developed  to  a  satisfactory  state — is  available  for  such  Held 
experiments.  The  instrumentation  system  developed  and  now  employed  to  collect  the  required  data  in 
field  experiments,  process  the  data,  and  extract  the  “casualties”  consists  of  a  range-measuring  system, 
a  range-timing  system,  a  direct  fire  simulator,  and  a  medium  scale  computer.  The  direct  fire  simulator 
is  a  cooperative  laser  transmitter/detector  system  that,  when  installed  on  player  elements,  permits  the 
positive  identification  of  firer-target  pairings  during  a  field  trial  or  combat  simulation.  The  output 
energy  of  the  laser  transmitter  is  such  that  no  eye  hazard  exists.  Hence,  in  the  "battle”  when  a  target  is 
taken  under  fire  by  an  attacker  system  employing  its  organic  sighting  system  to  which  the  laser 
transmitter  of  the  direct  fire  simulator  system  has  been  bore  sighted,  the  actual  “filing"  or  “trigger 
pull”  of  the  laser  transmitter  initiates  a  coded  signal  which  is  sent  to  the  computer,  and  the  range 
measuring  system  identifies  the  laser  which  has  been  fired.  The  laser  beam  may  or  may  not  illuminate 
the  laser  detector  mounted  on  a  target;  this  depends  on  whether  a  “hit”occurs.  However,  in  the  event 
of  a  “hit”,  the  laser  detector  on  the  target  is  illuminated  and  complete  identity  of  the  firer-target  com¬ 
bination  is  recorded  in  the  computer,  including  times  of  actions,  ranges,  whether  a  kill  occurs,  etc. 
Thus  the  laser  transmitter/detector  system  may  be  used  in  connection  with  a  very  “realistic”  battle  or 
field  experiment  along  with  a  computer  which  records  all  of  the  important  events  and  information 
needed  for  an  improved  “combat”  analysis.  There  is  a  Handbook  (Ref.  19)  on  the  whole  process  of 
real  time  casuaity  assessment. 

Hopefully,  some  cross-checking  with  other  types  of  combat  simulations  might  lead  to  improved 
model  validations. 

40-7  SUMMARY 

We  have  highlighted  some  of  the  historical  developments  in  war  games  over  the  years  and  have  in¬ 
troduced  some  of  the  techniques  for  playing  simulations  of  combat  in  connection  with  computers — 
whether  the  latter  are  used  for  bookkeeping  purposes  or  for  actual  running  of  the  combat  analysis 
model.  Also  we  have  outlined  and  recorded  in  brief  form  some  of  the  more  well-known  or  widely  used 
combat  analysis  models  for  possible  study  and  use  by  the  practicing  analyst.  Finally,  in  case  the  prac¬ 
ticing  analyst  would  have  some  interest  in  such  areas  of  endeavor,  we  have  indicated  some  of  the 
problems  connected  with  trying  to  make  combat  simulations  realistic  and  responsive.  It  is  hoped  that 
the  chapter  will  provide  the  new  or  unfamiliar  weapon  systems  analyst  with  sufficient  material  and  un¬ 
derstanding  to  extend  somewhat  his  knowledge  of  combat  simulations  or  his  expertise  on  the  subject. 
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CHAPTER  41 

AN  EVALUATION  OF  SOME  MIXES  OF  INFANTRY 
SMALL  ARMS  WEAPONS 

.1  battle  situation  frr  Blue  versus  Red  infantry,  especially  for  hand-bid  small  arms  types  of  weapons,  is  outlined,  and 
the  possible  use  of  several  different  mixes  of  Blue  infantry  weapons  to  prndiue  as  many  Red  casualties  as  possible  dis¬ 
cussed.  A  statistical  design  of  experiment,  the  Latin  Square,  is  employed  to  carry  nut  runs  using  the  ASARS 11 X  type 
combat  simulation  for  the  purpose  of  making  a  realistic  evaluation  of  the  different  small  arms  weapon  mixes.  An  exam¬ 
ple  is  given  to  illustrate  just  how  superiority  of  one  infantry  weapon  mix  over  another  can  be  rather  easily  established 
with  l-:*  suggested  statistical  analysis  procedure. 

41-0  LIST  OF  SYMBOLS 

S?  =  standard  error  of  an  average 
T  =  David’s  Studentized  extreme  deviate 
x  =  grand  average 
r„  =  largest  of  n  averages 
v  —  number  of  degrees  of  freedom  (df) 

41-1  INTRODUCTION 

With  our  introduction  to  and  coverage  of  war  games  and  compu’  erized  combat  simulations,  we  are 
now  ready  to  illustrate  the  utility  of  simulations  as  an  aid  in  predicting  the  relative  performance  of 
some  weapons  under  approved  or  recommended  standard  tactics  of  close  combat.  In  particular,  our  in¬ 
terest  here  will  center  around  the  employment  of  different  mixes  of  hand-held  weapons  in  close  combat 
between  Blue  and  Red  infantrymen.  Our  purpose — in  addition  to  illustrating  uses  of  simulations — will 
be  that  of  presenting  a  combat  simulation  procedure  with  an  appropriate  method  of  analysis,  which 
will  lead  to  establishing  superiority  of  one  mix  of  infantry  hand-held  weapons  over  that  of  other  can¬ 
didate  mixes  of  interest. 

Concerning  the  battle  situation,  vve  will  focus  attention  on  an  isolated  area  of  expected  conflict 
where  '1)  only  hand-held  weapons  are  feasible  for  employment,  and  (2)  contact  between  Blue  and  Red 
infantry  is  so  closely  involved  that  supporting!  artillery  and  heavy  mortar  fire  by  each  side  would  result 
in  risking  the  loss  of  both  Blue  and  Red  irfantry.  Thus,  only  small  infantry  units  with  hand-held 
weapons  in  close  combat  should  be  involved  in  this  particular  battle  situation.  The  weapons  which  can 
be  used  are  more  or  less  limited  to  rifles,  such  as  the  Ml 4  or  Ml 6,  automatic  rifles,  pistols,  hand 
grenades,  grenade  launchers,  and  light  machine  guns.  Hand-held  antitank  weapons  are  not  considered 
by  Blue  in  this  particular  study  since  Red  tan.es  cannot  be  used  in  an  assault  on  Blue’s  position,  at  least 
nor  initially,  due  to  terrain  features. 

As  developed  in  the  discussion  that  follows,  the  Blue  systems  analysts  who  were  assigned  the  evalua¬ 
tion  study  decided  that  the  analytical  moc  els  available  were  either  so  complex  or  inadequately 
developed  that  they  would  not  apply  very  \yell,  especially  for  the  possible  interactions  among  the 
weapons  employed.  Therefore,  after  a  search  of  combat  analysis  models,  it  was  decided  that  the 
ASARS  II  X  (Army  Small  Arms  Requirements  Model,  par.  40-4.2)  simulation  would  be  very  suitable 
for  the  purposes  at  hand.  In  fact,  ASARS  II  X  would  also  give  a  reference  point  for  previous,  typical 
evaluations  of  small  arms  type  weapons  since  it  had  shown  realism  and  promise  for  extended  studies  of 
this  type. 
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41-2  THF  fjtt'.N tRAL  SITUATION 

H  .*  '  J  i  I .  r  i.*  * .  -  *  i  *s  t-  . ' '  / ; ‘  :.r  n!  j:./-/  .i  /’  ■.  r'  ;  • . * : .  . .  ■  - 

.j'S.iu:'  •:  :■  tr.  ..  -  f  ■. :  •  -.  i..r  •,  .\s  ,»•-<)  ,1  %r  ux,\  r.  ‘  ■  '■•.  A-  ;  .o  *  '•  : 

•  »  B:  ,r  .li'r.l.fc'i-r;  •■■■-.’  -  H-  i  >r  v- jr>  >  .!  •  hr  vjl.f;  v  »r  '  io’*- 

.r[\  i ii’rr.-r'  >  •;  c  ••  ».:»•, *r.  rir.ge  r ^ ; r**e  of  cries-  .tl  .nipu'tn:.- e  ••••  r  *:*-  B  -  \  ( 

•  •:  ■  .  1  -  ■  •  ••  .‘..g  ...  i  p:  v«  *  ::,r  M-n  m  tv>u’>:uii<  s.tr.g-  *  . ».  v  ’hr  : 

v>  >1  .pen  r  it.v;  gr  c  :,,.c;iv  ,*  »r<;  mam  line ot  ;cs(-:jn<  r  Nil  R  ■  <-■««  h  R<-«s 

R-  ;  -  (  <  .'omparn  was  •«>  <««*.!<  k  B  .r  A  ( lorf.pa- *  >  jcosit.or.  »-  j*e  .«•>  B, ■/ 

ir-.  riirr.  .i  •  ;  /.->».»?»;*-  **-c  use  i;.r  rr.nre  sh.p.-  !<>r  Rrd  -o  that  R^u:  m'.g:.*  ; .«  '■ 

trad  or  limited  r-.ad  .[.’nr  u  .other:;  -<•  Rr.i  Iar.ks  with  move:.:*"-:  <i  ■tr'  <  •  ..•!  re*  ...  •. 

r.arru.v  ’tad  ?}:<•  M.r/ .  ^ .i  n.upp.r  g-up  <  tiorv  «•:  Hiur  -  :-*»sr:.»i»  'r.«  mow./an.  1:  - 

■  !*  in  and  '*  i;  i>;  the  mounhuritop  '«*. ...del  pro  /  K«!  'or-  »•«  ;  •  <*:.siurraij.r  .i<n 

.i  <•  i  v  •  ifiirr  •  «i» «::,»»  tr..  ger.erai  arras  held  h  Hic.e  force*  i.cr'T,-  .  m.f.rf  Rr<i  (  .  < 

,i4t.\  ».i>  ora  «t. i/*/s  h  ■  <  r  jir.a  %.  and  vm-jld  k  in  a-.  •  nrda  .  *•  »*i«h  ;.nr.i  if •<»*'■  <>•  1  M  '*>-»«  * 

//;iv;  .r  ,v ^  r  v--:  /•.»<•  Rr:  !  .  a'tho-ii/h  R^d  tnluntrvrnm  w«*rr  d;*:;.**  :«>r  j  .irti 

rn(/.ia»‘rrif‘ril 

I’rtorr  Rr<l  s  .ni.tr.T-.  !,ii»  .in  :hr  sowhrrn  sinpr  of  biuf  >  (Sutf-iri  juin.*:  m  R<-  '  «rti. :«-rv  t:rr  •' a • 
Bf.njehl  t'i  ‘n.ar  nr;  * t.r  ,»;>>»•  alihoutih  it  wav  r'ili/fa  that  :rtr<  and  cani.;.*.  T.ial.t  rrn<i»T  mi<  h  !irr 
.on^Atui  inrltrr  tn**  I  rr.nf  dnitrlv  alt  rr  nr^rrrriflrss.  Red  :-iiar:r\  a*»  nurd  '.v  Binr  in:  «r  tr\ 
t.iin.  mi  ttir  s|<  .t  a-  in  »i,<  h  .<  <  ins/--f  iimBat  piosit'iin.  Blur  A  prir.ar.  :ntrr*"»t  •  *,n*rrr«}  .lrnirm  thr  par- 
*.<  n.'ar  .in*  n>  .l,.»riij-.t.r;d  .\*-.«p<in»  that  inflict  the  auot  <a«U4it<rv  m.  the  a»>a  .i:in«  Recj,  ,u»  r 

'in  won  id  no  clout  a  'top  hi'  attai  k  i  he  hand-hr.d  weapons  pri  rran ‘v  •  i:der  t ... ,  .dei  ati-.n  t  or.'i'ti  d 
of  pistols  ri(le\.  automatic  rifiev  wer-ades.  and  iighi  mac  bine  gu.vc  lb  pat  tic u,ar.  ar.d  d.tee  ;>ec  i,»liv  to, 
the  i  ar.opv,  it  Ha*  re.ti»/r«i  Bv  Blue  that  "quu  k  lire "  in  a.nv  three t tor.  nould  :>e  required  agaiti't  *mi- 
den!\  apfiear.tig  R'd  irilanff nien  Bine*  bit;h  *mg|e.*bo:  kill  jirohafiilt.v  agaitot  Ri*d  in  a  man  v> 
nian  <  ii*e-<  omtiat  situation  sermed  essential,  multiple  fiethettr  (artnciges  cou.cj  prove  verv  advan- 
tageou*  Alsc».  multiple  flee  Bette  r  wntiv  might  l tr.  verv  approprate  (or  machine  gods.  Hhi.h  jump 
ar<  unci  and  give  large  a-mmg  errors  Thus,  key  question*  ought  fie  that  ot  the  use  oi  triple-tlet  het'e 
tartneige  rout.ds  ..net  that  o(  the  fdd'nr  percentage  of  them  to  use  lor  rifles  and  mac  hine  guns  I  he 
Blue  arvaissi*  seiec  *ed  the  \s.\R.S  il  \  comf>at  anaivsi*  model  to  make  :ne  evaluation  and  ra.  .»  series 
of  simulations  based  on’  the  five  different  weapon  mixrs  a*  ind;«  atecj  in  pat  •*i-^ 

41-3  INFANTRY  WEAPON  MIXES  OF  INTEREST 

A*  a  result  of  severat  conferences.  Blue  weapon  s.sterm  anaiv  ts  and  rx{>erten*td  infant rv  tomhat 
olfic  er»  decide  that  live  parti-ular  mixes  of  possible  han<i-held  (except  jfjr  the  light  mai  tune  guns) 
infantry  wea|»on»  might  well  f»e  considered  in  the  overall  evaluation  and  that  each  of  these  .nixes 
would  be  distributed  ,  rnor.g  .dcoot  'MhMXf  infantrymen  who  might  actual!*  lie  irvoiveu  in  the  c  lose* 
combat  snuation  outlined  We  will  refer  to  the  five  different  mixes  as  A,  b.  f  h  I).  and  B  for  vimplu  it v 
and  define  them  a<  .olio*** 

1.  Mtx  A  30  MM  rfle*.  20  M16  rifles.  15  light  machine  guns,  and  the  'tandard  load*  of  pistols, 
hand  grenade*,  and  grenade  taunt  hej  %  All  ammunition  consists  of  standard  ball  tvtie  rounds  and  no 
flechette  cartridges  ..t  all 

2  Mix  B:  20  M 1 4  riflev,  30  N1I6  nfles.  15  light  machine  guns,  and  the  sttndard  loads  of  pistols, 
hand  grenades,  and  grenade  launchers  I  hi*  mtx  was  used  to  help  settle  the  quest. on  as  to  whether 
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l hr  lighter  .\f  U>  rifle  would  fir  more  effective  in  the  r <  >tr.f.at  sirua'iort  stumed  a. ’hough 

no  (let  i.ettc  rounds  would  involved  in  this-  mix  either. . 

3  Mix  C  5*1  MU  n:1es.  2«>  Min  nhes.  1 .3  light  machine  g  »r.s.  «*r?n  oar.dard  .oads  <>r  j  i-i-.fs  hand 
grenades,  and  grenade  launchers  in  this  mix  onlv  the  N,  14  rifle-  v»-.n.d  tire  tic,- hette  <  arrnu’es.  stan¬ 
dard  hail  ammunitk  n  -sou'd  tie  tired  Irom  the  M16  rifle*  and  ..r.e  Lg:.*  mac  tunc  guns  No?.-  ■  r . » :  *hr 
quantities  «»f  rifles  and  mac  hire  Buns  are  the  same  as  in  M  x  A 

4  Mix  P  i  he  same  quantities  of  rides  as  in  Mix  A  and  Mix  ( -.n.v  the  Min  tire  me  •njiie- 
flrthene  carudgc-i  There  are  no  otr.er  « hangrs 

s  Mix  K  f  or  a  somew hat  vers  significant  departure,  the  conferees  ciei  nird  to  get  s.  r.e  idea  the 
import  inf  e  of  the  triple-fire  hette  rounds,  especially  in  "swallowing  ;p  me  aiming  error  s  perhaps  Ac  • 
c  ordu.gU .  the  same  quantities  of  rities  and  machine  guns  as  in  M.x  B  would  t>e  placed  m  As  A  K  s  II  \ 
however,  iniv  flcchefte  rounds  would  hie  fired  from  ail  the  MU  nh-s.  .vi ! (»•  idles,  and  t he  tna.  iota- 
guns  It  w  as  considered  tha-  cm*  Mix  E  very  likely  would  settle  ::.e  question  eon; ej nmg  tht  ette.  - 
tiveness  fit  the  proposed  flet hette  cartridges. 

Blue  could  see  no  problem  in  providing  A  Company  with  Class  %  supplies  and  hetu  r  there  v.-te  ho 
restrif  turns  or  the  asailaf  .iitv  of  ammunition  for  the  combat  Simula 'tons  outitned  Moreover  it  was 
deemed  that  cost  considerations  should  not  enter  this  particular  >t..dv  although  one  might  uitimatelv 
consider  the  cost  ;>er  kill  :>l  Red  mlantrv  men.  or  some  other  more  a-proprn.te  measure  of  cf!e<  tivrn»*-.s 

(MOEt 

41-4  THE  EXPERIMENTAL  DESIGN 

Available  information  on  previous  runs  of  ASARS  II  X  seemed  to  ■ndicatr  that  g(*xi  -•  ibilitv  of  out- 
pot  cone  erning  results  would  fie  guaranteed  if  there  were  about  five  runs  <  r.  e.u  h  tvpe  of  wrap-  -  n  mix 
This  part K  ular  dei  ision.  therefore  was  made,  and  it  also  was  based  somewhat  on  the  determin.o  ion  ;< 
settle  finalls  the  ev  r-^lagutng  flee  hette  cartridge  proposal.  Indeed,  it  seemed  further  tha*  <rrMin!v  a 
single  run  wxiuld  not  lie  enough,  and  eight  or  ten  such  runs  would  fie  too  costlv  jxrhapv  in  dollars, 
tune,  and  f  ersonncl 

A  rather  gc.»d  exprrimer.’al  design  for  the  combat  simulation  ap,iearecl  to  tie  that  of  the  s  x  A  C,-,n 
Square  as  indicated  in  ’he  dis<  ussion  that  follow?  The  order  of  the  runs  ‘fir  the  different  mixes  of  the 
first  row  were  determined  bs  a  randoni  drawing  of  thefive  leMers.  A.  B  C.  I).  and  E  Thus,  the  order  of 
all  2s  runs  was  as  indicated  in  Table  4 r - ! 

Note  that  eac h  infantry  weapon  mu.  i  r  .  Latin  letter,  appears  once  anu  only  bn<  e  in  e.u  h  <  olumn 
and  i fiw  [f>r  the  1  ..tin  Square  arrangement  In  this  arrangement  each  of  the  five  weapon  mixe,  would 
lie  fired  n  each  mlumn  and  each  row  of  Table  41-t .  •  TTiiv  further  means  that  any  possible  varia- 
uons  u  »e  to  time  or  order  of  the  runs  •  ould  be  stripped  out  of  the  overall  c  xpenment  so  that  the  effects 
ol  only  toe  different  weapon  mixes  could  be  accurately  compared  I  "he  2  s  ASARS  II  \  run  were 


TABLE  41-1 


LATIN  SQLA1E  ARRANGEMENT  FOB  ASARS  II  X  BUNS  OF  WEAPON  MIX ES 


1) 

c 

B 

E 

A 

E 

A 

D 

C 

B 

A 

B 

C 

I> 

E 

B 

1) 

E 

A 

C 

<; 

E 

A 

B 

r> 
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programmed  so  that  each  row  of  Table  4!-I  would  be  carried  out  on  a  -ingle  das  I?  might  be  well 
argued  that  sue  h  particular  care  was  not  necessary  at  all:  however,  some  precaution'  against  ex¬ 
traneous  variations  possibly  creeping  in'o  the  experiment  should  b-  guarded  against  Moreover, 
should  it  turn  out  that  the  possible  variations  creeping  into  the  experiment  due  to  rows  or  columns  be 
triv  -a!  indeed,  then  the  results  of  all  the  runs  for  each  of  the  Mixes  A.  B.  C.  IX  and  h  c  ould  be  grouped 
ar.v  wav  tor  analysis  One  never  knows  in  advance  just  what  might  ite  a  limitation  of  »n<  h  a  proposed 
experiment,  hence  the  precautions  taken 


41-5  RESULTS  OF  THE  ASARS  II  X  SIMULATIONS 

Hie  2'  runs  for  tier  weapon  mixes  studied  were  made  The  results,  given  in  terms  of  the  numbers  ol 
Red  mlantrv  casualties,  are  shown  in  Table  45-2  For  each  .capon  mix— A.  B.  etc  -in  I  ab!  -41-2.  'he 
nundier  of  Red  c  asualties  for  that  particular  run  is  given  in  parentheses  (>esidc  the  weapon  mix  letter 

The  'total  numbers  of  casualties  for  rows  and  column'  of  the  l.atin  Square  design  tire  also  ’i»ted  in 
Table  4! -2.  and  the  total  number  of  Red  casualties  for  the  whole  experiment  is  *>4  Note  that  there  are 
si  variations  ii<  the  numbers  of  casualties  for  columns  and  rows,  so  th.it  this  characteristic  rnav  be 
mi  i.  anaiv/ing.  The  etage  number  of  casualties  per  run  is  "04/ 2 s  -  2H  lo.  whi<  h  represents  the 
average  per  c  ombat  battle  for  the  situation  studied.  It  was  thought  in  this  connection  that  perhaps  at¬ 
taining  Vu-  5VP»  casualties  would  stop  any  such  Red  infantry  attack,  also  the  higher  the  percentage  of 
Rtci  casualties,  the  fitter  were  Blue  s  chances  of  winning 

11  in  I  able  4J -2  we  strip  out  the  Red  casualties  due  to  the  five  different  weapon  mixes,  then  the  iotai 
Red  i  asualties  tor  e«e  h  weapon  mix.  the  average  number  per  an  expec  ted  battle,  and  the  percentage  of 
Red  losses  -assuming  about  100  Rea  infantrymen  in  C  Company  assault  Blue's  position  ire  listed  m 
Table  4!-f 

It  is  seen  from  Table  41-5  that  only  Blue's  weapon  Mix  E  with  flechette  rounds  attains  the  desired 
level  o‘  c  asualties  However,  it  becomes  very  worthwhile  to  establish  whether  our  results  for  Mix  F.  are 
statistic  alls  significant  troin  the  others --since  the  variations  could  be  accidental—  and  also  let  us  take  a 
look  at  other  possible  inferences  from  this  panicular  experimental  combat  simulation 

41-6  LATIN  SQUARE  ANALYSIS 

ITr  details  o<  statisucal  analysis  for  Latin  Square  experiments  mav  lie  found  in  most  texttxxilts  on 
the  statistic  al  design  of  experiments  or  in  many  textbooks  on  statistical  methods  Ne  ertheless.  we  will 
give  a  suitably  brief  indication  of  the  calculations  to  establish  the  analvsis  of  variance  table  In  this  con¬ 
nection.  we  proceed  stepwise  a*  follows,  where  the  analvsis  will  be  carried  out  on  the  basis  of  the 
observed  individual  number  of  casualties  for  one  run  or  battle 


TABLE  41-2 

NUMBERS  OF  BED  CASUALTIES  FOR  WEAPON  MIXES  A.  B,  C,  D,  AND  E 

h»1  ic’sl 


0-1 331* 

C-c?>. 

M2h 

E-<V4) 

A*(2J  i 

1*4 

E-tJ'J 

•(761 

D-(29) 

C-(2? 1 

B-ilt ) 

140 

A-t"  ■) 

n-tr»i 

C-(26i 

n-on 

fc-iVV) 

H2 

D-t  VS) 

c-.v») 

I4C, 

CUc2»> 

E-(JV) 

A-(CV) 

IMVO) 

142 

14V 

H* 

J4V 

tvv 

tvs 

'04 

*I)  l 3))  mrsen  33  Red  ratualtm  tor  weapon  mix  Don  first  run 
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TABLE  41-3 

RED  TOTAL  CASUALTIES,  AVERAGE  CASUALTIES,  AND  EXPECTED 
PERCENTAGES  OF  CASUALTIES  DUE  TO  BLUE  S  WEAPON  MIXES 

Blue  Hr.i|  or,  \l:x 

a  h  (  I)  i. 


Total  Red  Casualties 
tor  "hr  5  Runs 

A  eratje  Red  Casualties 
per  Run 

Expected  Percentage 
Losses  for  Red.  % 


111  119  U*  }--  ! 

22.2  2  -  :■  2i  >1  '14  ''4 


2tC 


21  n 


12  . 


1.  Correction  term  from  Table  41-2: 

(Table  total)  */25  =  (704)*/25  =  19824.64 

2.  Sum  of  squares  (S.S.)  due  to  rows  {i.e.,  days)  from  Table  41-2: 

(144*  4-  140s  +  4-  142*)/3  -  19824.64  =  19848.00  -  19824  64  =  23.36. 

3.  Sum  of  squares  (S.S.)  due  to  columns  (i.c.,  times  of  day)  from  Table  41-2: 

(143*  4-  146*  4-  ;  ■  4  135*)/5  -  l9824.o4  =  19848.00  -  19824.64  =  23.36. 

(  The  result  happens  to  be  the  same  S  S  a  for  rows, ) 

4  Sum  of  squares  (S.S.)  attributable  to  different  weapon  mixes,  mint;  totals  from  Table  41-3.  for 
weapon  mixes  A.  B,  C.  I),  and  E: 

(1 1  !*  4-  119*  4-  4-  177*)/:-  -  19824.64  =  20412.00  -  19824.64  =  387.36. 

5.  The  total  sumof  squares  (S.S.;.  using  number  of  asualties  in  parentheses  in  Table  41-2.  is  found: 

<33*  4-  29*  4-  4  30*)/ 1  -  19824.64  =  20518  (X)  -  ’9824.64  =  693.36 

6.  Degrees  of  freedom  (df) 

a.  The  total  number  of  degrees  of  freedom  (df)  for  the  5  X  5  Latin  Vjuare  is  i3)  (5)  -  1  =  24. 
b  The  numbers  of  degrees  of  freedom  for  rows,  columns,  and  weapon  mixes  are  each  4.  leaving 
24—4  -4  —  4  *  12  df  for  the  residual  or,  experimental  error  term 

The  results  of  this  analysis  are  appropriately  brought  together  in  the  Analysis  of  Variance 
(AN’OVA)  of  Table  41-4 

An  examination  of  Table  41-4  shows  a  very  well  controlled  expenment.  since  the  ^'-ratios  for  days 
and  times  of  a  day  for  the  runs  are  quite  insignificant.  On  the  other  ha. id.  the  observed  F  *  29.72  for 
the  five  different  weapon  mixes  on  the  basts  of  12  df  for  rr  'dual  variance  is  verv  large  indeed.  Thus, 
and  perhaps  as  expected,  the  source  of  variance  due  to  the  different  weapon  mixes  is  very  highly  signifi¬ 
cant,  since  the  probability  of  a  chance  occurrence  for  equivalent  weapon  mixes  would  be  much  less 
than  0  <M)>,  as  seen  from  a  table  of  the  percentage  points  of  the  Snedecor-l'isher  “F"  statistic  for  4  and 
12  df.  K  rue,  we  conclude  that  the  choice  concerning  the  mix  of  infantry  weapons  for  the  battle  situa¬ 
tion  outlined  may  be  of  much  critical  importance  to  guaran*ec  a  high  effec  tiveness  level.  In  particular, 
the  flechette  cartridge  round  turns  out  to  be  highly  desirable  in.  the  battle  simulated,  and  we  see  that 
Mix  E  is  the  more  desirable  one,  which  may  be  justified  statistically  as  follows. 
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TABLE  41-4 

ANOVA  TABLE  FOR  ANALYSIS  OF  CASUALTIES  DUE  TO  WEAPON  MIXES 


Source  of 

Variation 

df 

S.S. 

Variance 

/•-Ratio 

Rows  (Davs) 

4 

23.36 

5.84 

1.18 

Columns  (Time 
of  Day) 

4 

23.36 

5.84 

I  18 

Different 

Weapon  Mixes 

4 

587.36 

146.84 

29. "'2  (Highly 

sinnificant ) 

Residual  or 

Error 

12 

59.28 

'4.94 

Total 

24 

693.36 

In  Table  41-2,  there  are  25  numbers  of  casualties,  one  for  each  run.  The  residual  variance  for  one  of 
these  is  front  Table  41-4  equal  to  4.94,  and  the  variance  for  an  average  of  5  rjns  for  each  of  the  5  dif¬ 
ferent  mixes  is  4.94/5  =  0.988,  or,  that  is,  the  standard  error  is  \/0.988  =  0.994.  Now  the  average 
number  of  Red  casualties  per  run  or  battle  for  Mix  E  is  35.4  from  Table  41-3,  and  the  grand  average  of 
all  25  runs  is  found  from  Table  41-2  as  704/25  =  28.16.  Hence,  we  may  use  David’s  test  (Ref.  2  or  Ref. 
3)  to  judge  whether  the  highest  average  number  of  casualties  for  Mix  E,  i.e.,  35.4,  is  significantly 
greater  than  that  expected  from  random  sampling  of  5  such  averages.  David’s  test  for  this  case  is 

T  =  (*„  -  x)/St  (41-1) 

where 

T  =  David’s  St udentized  extreme  deviate 
x„  -  x.  =  largest  of  n  averages  (Mix  E) 
x  =  grand  average 

Sj  -  residual  tandard  error  of  an  average  (n  =  5  in  this  case). 

Hence,  the  observed  value  of  T  is 

r-  35,4  -  28.1 6/ s/0W  -  7.28 


and  it  .-ery  highly  significant,  since  from  Ref.  2  the  upper  1  %  point  or  probability  level  for  David's  T for 
r.  *  j  and  *  *  12  df  is  only  3.17. 

Actually,  perhaps  we  may  improve  on  the  precision  of  the  test  by  increasing  the  error  number  of 
degrees  of  freedom  from  12  to  20,  especially  since  we  can — due  to  insignificance — pool  the  sums  of  the 
squars  for  rows  and  columns  with  the  residual  sum  of  squares.  Doing  this,  we  get  a  new  residual 
variance,  which  is 


which 

cone 

Red 
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(23.36  +  23.36  +  59.28)/(4  +  4  4-  12)  -  5.30 

for  an  individual  number  of  casualties  based  on  20  df  . 

Moreover,  the  new  observed  value  of  T  for  20  df  then  becomes 


T  -  (35.4  -  28.16)/v'T307S  -  7.03 
is  still  very  highly  significant  indeed  since  the  new  1  %  point  for  a  0  5  and  v 


20  df.  is  2.91.  We 

ude  with  little  doubt,  therefore,  that  Mix  E  is  substantially  superior  to  the  other  mixes  in  causing 
casualties  and  that  it  should  be  highly  recommended. 


DARCOM-P  706-102 


As  a  matter  of  some  interest,  we  might  look  at  only  the  four  mixes.  A.  B.  C.  and  1).  to  make  a  judg¬ 
ment  concerning  whether  weapon  Mix  D — with  only  the  Vf  16  rifles  firing  fierhettes  land  not  the 
Ml4’s) — should  be  superior  to  Mixes  A,  B.  or  C.  In  this  case  the  observed  value  of  Dav  id's  /  is  given 
by 

[31.4  -  (22.2  +  23.8  +  28.0  +  3!.4)/'4l/v/3 J0/3  -  4.90. 

Now  the  upper  1%  probability  levei  for  David’s  T  with  n  =  4  and  v  =  20  df  is  2. “3  Hence,  we  conclude 
the  Mix  I)  is  significantly  better  in  causing  Red  infantry  casualties  than  Mixes  A.  B.  or  C.  This  would 
seem  to  substantiate  the  use  of  flecherte-type  cartridges  for  small  arms.  In  fact,  the  aiming  errors  in 
such  a  typical  battle  situation  may  be  sufficiently  large  that  multiple  fleehertes  per  mur'd  would  im¬ 
prove  the  chance  of  at  ieast  one  hit  per  cartridge. 

Finally,  and  as  a  somewhat  fine  point  concerning  statistical  analyses  of  the  kind  covered  here,  we 
might  ask  whether  the  assumptions  of  the  analysis  of  variance  model  (ANOVA)  are  really  met  with 
sufficient  accuracy  here.  To  this  question,  we  could  well  reply  that  we  might  examine  the  previous 
analysis  with  the  square  roots  of  the  numbers  of  casualties  instead  of  the  observed  number  directly  Or, 
we  might  use  a  transformation  of  the  data  to  some  other  scale  which  might  be  more  nearly  normally- 
distributed,  as  is  often  done  by  statisticians.  However,  the  assumption  of  normality  becomes  of  signifi¬ 
cant  importance  only  when  the  /•‘-ratios  are  compaied  to  critical  values  in  /•‘-distribution  tables. 
Otherwise,  the  /■‘-ratios  more  or  less  speak  for  themselves,  implying  an  observed  value  so  large  for  tiie 
different  mixes  that  “there  must  be  some  physical  difference  of  interest”.  Then  again,  the  numbers  of 
casualties  for  about  100-1 10  combatants  are  not  so  small  as  to  suggest  a  Poisson  type  analysis,  but 
rather  the  approximate  percentage  of  casualties  averages  about  28.2%.  In  this  connection,  we  know 
from  appropriate  theory  that  the  normcl  approximation  to  the  binomial  distribution  is  satisfactory  for 
such  percentages,  and  we  therefore  conclude  that  our  analysis  of  variance  is  sufficiently  accurate  to 
m2ke  the  judgments  we  have  shown. 

41-7  SUMMARY 

We  have  outlined  a  rather  useful  or  typical  engagement  of  Blue  infantry  versus  Red  infantry  for  the 
case  where  only  small  arms  can  be  used,  and  in  particular  the  hand-held  type  of  weapons.  Our  purp  >se 
was  to  study  the  relative  effectiveness  of  a  hypothetical  flechette-type  cartridge  as  compared  to  stan¬ 
dard  ball  ammunition  in  producing  Red  casualties.  We  were  able  to  make  comparisons  of  five  different 
weapon  mixes,  employing  the  Latin  Square  design  for  an  efficient  statistical  analysis  procedure  to 
guarantee  any  possible  existence  of  superiority.  Our  conclusion  is  that  tne  multiple  flechette  type  of 
rounds  or  cartridges  off-rs  considerable  promise  as  being  highly  effective. 

Finally,  we  do  not  mean  to  imply,  of  course,  that  only  a  Latin  Square  should  be  used  in  this  kind  of 
an  analysis  or  combat  simulation.  Indeed,  other  st:  istical  designs  of  experiments  could  well  be  used — 
such  as  the  factorial  design,  completely  randomized  blocks,  lattice  squares,  and  others.  In  fact,  one 
might  well  aim  to  use  any  design  which  wouio  result  in  establishing  the  reg.c-ssion  of  the  numoers  of 
casualties  on  key  weapon  parameters,  In  this  way,  additional  valid  predictions  could  be  made, 
perhaps. 
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CHAPTER  42 

AN  EXAMPLE  OF  TANK  WARFARE 
IN  THE  AGE  OF  THE  GUIDED  MISSILE 

An  example  of  possible  tank  warfare  in  the  age  of  antitank  guided  missiles  (A  TGXt 's )  is  developed  in  this  chapter  to 
illustrate  a  highly  useful  method  of  analyzing  the  overall  combat  capability  and  potential  of  antitank  weapons  in  quan¬ 
titative  terms.  The  technique  employed  is  that  outlined  in  Chapter  30,  and  it  is  seen  that  perhaps  the  analysis  of  more 
complex  combined  arms  forces  on  both  sides  could  also  be  studied  in  this  same  way.  In  fact,  with  the  promising  method  of 
analysis  described,  the  accurate  determination  of  relative  worths  of  the  different  types  of  weapons  in  a  pertinent  interac¬ 
tive  combat  simulation  could  well  lead  to  weapon  equivalence  values,  or  “building  blocks  ”,  to  help  establish  improved 
combined  arms  teams  for  future  wars. 


42-0  LIST  OF  SYMBOLS 


APDS 

ATGM 

BC3T 

HEAT 

MLR 

RBMP 

RBRDM 

R63 

WOW 

ZAGGER 

ZWATTER 

k 

ru 

/»» 

'u 

K 

w% 

w< 

w% 

W 

Ip) 


armor-piercing,  discarding  sabot  (projectile) 

antitank  guided  missile 

Blue  chief  battle  tank 

high  explosive,  antitank  (projectile) 

main  line  of  resistance 

Red  armored  infantry  comhat  vehicle 

Red  scout  vehicle  which  mounts  ZWATTER  ATGM ’s 

main  Red  battle  tank 

Blue’s  ATGM  (wire  command  link) 

Red  ATGM  (wire  command  link) 

another  Red  ATGM  (radio  controlled) 

constant  of  proportionality 

kill  rate  of  weapon  i  against  weapon  j 

kill  rate  of  a  Blue  WOW  against  a  Red  ZAGGER 

kill  rate  of  a  Blue  WOW  against  a  Red  ZWATTER 

kill  rate  of  a  Blue  WOW  against  a  Red  R63  tank 

relative  worth  or  combat  power  of  a  Blue  WOW  ATGM 

relative  worth  or  combat  power  of  a  Blue  CBT 

relative  worth  or  combat  power  of  a  Red  ZAGGER  ATGM 

relative  worth  or  combat  power  of  a  Red  ZWATTER  ATGM 

relative  worth  or  combat  power  of  a  Red  R63  tank 

Red’s  kill  rate  matrix  against  Blue  targets 

Blue ’s  kill  rate  matrix  against  Red  targets 


42-1  INTRODUCTION 

All  of  the  great  armies  of  the  world  rely  heavily  on  the  premise  that  the  tank  should  be  the  major 
combat  system  for  ground  fighting.  In  fact,  it  appears  currently  that  all  of  the  modern  armies  of 
NATO,  the  Warsaw  Pact,  the  Arab  nations,  a:.d  the  Israelis  generally  agree  that  the  main  offensive 
weapon  of  the  ground  forces  is  the  tank  (Ref.  1 ).  The  tank  is  a  weapon  system  that  possesses  good 
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mobility  on  the  road;  it  has  very  acceptable  cross-country  mobility  for  many  battle  situations,  it  h  is 
the  best  available  armor  protection  for  the  crew  and  stowage;  and  its  firepower  is  quite  suitable  lor 
neutralizing  or  destroying  many,  many  ground  targets  that  could  be  encountered.  Such  targets  in¬ 
clude,  for  example,  enemy  infantry  and  enemy  tanks  which  our  tank  main  armament  can  engage  at 
relatively  long  ranges  with  good  delivery  accuracy.  The  tank  secondary  armament  can  also  neutralize 
enemy  personnel;  the  tank  may  quickly  defeat  lightly  armored  personnel  carriers;  it  can  attack 
buildings  and  fortifications;  it  can  mop  up  or  hold  key  ground  areas,  and  it  can  especially  aid  in 
withdrawals  as  required.  In  addition,  an  important  characteristic  of  the  tank  is  its  shock  action  effect  in 1 
advancing  swiftly  to  critical  points  of  battle  and  providing  the  element  of  surprise  for  almost  any  phase 
of  battle,  no  matter  what  the  battle  plans  of  the  enemy  may  be.  With  its  armor  protection,  its  heavy  ar¬ 
mament  or  great  firepower,  and  cross-country  mobility,  only  the  tank  ca..  break  through  an  enemy 
force  and  defeat  it  decisively. 

As  .ve  learned  in  Chapter  39,  the  art  of  war  consists  of  measures  and  countermeasures,  or  the 
modern  battlefield  is  a  contest  of  measures  and  countermeasures,  and  the  side  that  is  fortunate  enough 
or  smart  enough  in  fielding  effective  countermeasures  to  any  new  enemy  measure  will  often  have  the 
advantage  or  capability  to  stop  any  threat  and  reduce  enemy  capability  to  a  marked  degree.  Ref.  1  in¬ 
dicates  that  11  ‘The  Yom  Kippur  War,’  that  is  the  Arab-^sraeli  War  of  1973-  very  much  reaffirmed  the 
offensive  potential  of  the  tank,  but  it  also  dramatized  the  lethality  of  modern  ar’itank  weapons,  par¬ 
ticularly  tfie  high  velocity  tank  cannon  and  the  long  range  antitank  guided  missile.  The  effect  of  these 
modern  antitank  weapons  in  this  war  was  devastating.  Not  since  the  Battle  of  Kursk  between  the  Ger¬ 
mans  and  Russians  in  World  War  tl  had  there  been  a  comparable  loss  of  tanks  in  such  a  short  period 
of  time.  If  the  rate  of  loss  which  occurred  in  the  Yom  Kippur  War  during  the  short  20  days  of  battle 
were  extrapolated  to  the  European  battlefields  over  a  period  of  60-90  days,  the  resulting  losses  would 
reach  levels  for  which  the  United  States  Army  is  totally  unprepared.  While  it  is  impossible  to  say 
precisely  how  many  losses  were  attributable  to  a  certain  weapon  system,  we  can  say,  particularly  in 
view  of  the  vast  numbers  of  ATGM’s  employed,  that  the  antitank  guided  mi  suit  was  responsible  for  a  high  per¬ 
centage  of  the  Israeli  tank  losses  at  the  beginning  of  that  war.  In  the  Arab/Israel.  War  of  1 967,  the  Israelis  were 
able  to  dominate  the  battlefield  principally  with  tanks  and  fighter  aircraft-  Extensive  Arab  air  defense* 
in  1973,  however,  seriously  degraded  effective  close  air  support.  Thus  in  the  first  several  days  cf  the 
1973  war,  Israeli  armor  units,  advancing  without  close  air,  infantry  or  artillery  support,  attacked  in  the 
face  of  large  numbers  of  Soviet-made  ATGM’s  and  suffered  wholesale  icstruction.  This  same  situation 
is,  of  course,  possible  on  European  battlefields.  Thus,  we  should  conclude  that  : 

‘On  today  s  battlefield,  unsupported  tank  attacks  fart  mass  destruction  from  accurate  and  lethal  antitank 

guided  missiles. 

42-2  PURPOSE  OF  THIS  ANTITANK  EVALUATION 

Insofar  as  the  tank  is  concerned,  therefore,  it  becomes  of  great  importance  to  determine  whethei 
our  tanks  can  survive  the  advances  in  technology  attained  in  connection  with  light,  highly  mobile  an¬ 
titank  weapons  of  ail  kinds.  Thus,  we  must  examine  very  closely  and  evaluate  the  potential  capabilities 
of  Red  antitank  guided  missiles,  or  any  short-range  hand-held  weapons  having  a  shaped  charge 
warhead  or  high  explosive  antitank  capability,  in  addition  to  the  major  armament  for  any  new  enemy 
tanks.  Moreover,  dose  combat  turns  out  to  be  too  costly  in  terms  of  personnel  and  materiel  losses,  so 
that  consideration  should  be  given  to  attacking  ener”'  tanks  at  longer  ranges  with  artillery  type 
weapons  if  at  ail  possible.  The  advent  of  the  guided  missile  and  its  widely  applicable  technology  has 
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resulted  in  gun-launched  projectiles  which  may  be  guided  very  accurately  along  artillery  type  trajec¬ 
tories  to  hit  enemy  tanks  at  the  longer  ranges.  Hence,  if  our  artillery  can  have  this  capability  in  addi¬ 
tion  to  that  of  its  normal  antipersonnel  effectiveness,  then  such  a  method  of  attacking  tanks  could  well 
result  in  a  considerable  advantage  indeed.  Thete  is  a  need,  therefore,  to  simulate  future  battles  involv¬ 
ing  all  of  the  probable  antitank  weapons  which  may  be  used,  and  play  them  in  a  suitable  context  so 
that  their  effectiveness  on  the  battlefield  can  be  assessed  properly  in  a  quantitative  way.  To  include  the 
antitank  capability  of  artillery  in  this  particular  study,  however,  would  go  beyond  our  purpose  of  il¬ 
lustration,  and  hence  we  will  not  address  this  larger  problem  of  evaluation  here.  Instead,  the  present 
study  is  more  or  less  directed  toward  the  quantitative  evaluation  of  some  typical  current  or  proposed 
prototypes  of  antitank  guided  missiles  which  are  relatively  inexpensive  and  potent.  It  is  with  this  in 
mind  that  we  proceed  to  set  up  an  armor  and  antiarmor  type  engagement  for  a  future  hypothetical  bat¬ 
tle  and  develop  a  useful  systems  analysis  study  of  tank,  and  antitank  capabilities,  especially  in  a  close 
combat  situation  involving  tanks  and  antitank  guided  missiles  (ATGM).  In  fact,  we  wonder  about  the 
real  combat  capability  of  some  of  the  ATGM’s  to  stop  Red  tanks  in  their  tracks,  so  to  speak.  Clearly, 
inexpensive  weapons  could  be  proliferated  easily  on  the  battlefield  if  they  possessed  the  capability  to 
prevent  a  Red  striking  force  from  overrunning  Blue’s  position  and  then  moving  forward  to  control 
larger  and  larger  ground  areas  in  Blue’s  territory.  To  particularize  a  bit,  we  might  say  that  tank 
weapon  systems  are,  for  example,  eight  or  more  times  as  expensive  as  ATGM’s  so  that  we  might  be 
able  to  afford  many  ATGM’s  in  the  hands  of  infantrymen  on  the  battlefield  simply  to  stop  the  enemy 
tank  threat.  Thus,  our  interest  centers  arourd  developing  a  good  quantitative  measure  of  ATGM’s  iust 
for  the  purpose  of  stopping  the  huge  number  of  Red  tanks  that  will  very  likely  be  brought  to  bear  in 
any  European  conflict.  Moreover,  since  tanks  are  often  considered  to  be  the  main  killers  of  other  tanks, 
then  we  should  search  for  the  relative  worth  of  ATGM’s  in  killing  Red  tanks,  especially  as  compared  to 
the  combat  value  of  modern  tanks.  Can  we  answer  the  question,  “If  x  ATGM’s  are  available  at  the 
same  cost  as  that  bf  tne  Main  Battle  Tank  (MBT)  and  there  are  sufficient  military  per.  unnel  available 
to  man  the  ATGM’s,  what  is  the  military  worth  of  the  ATGM  relative  to  our  main  MP7  weapon  for 
the  purpose  of  only  killing  Red  tanks?”  We  aim  to  develop  a  method  of  answering  this  type  of  question 
in  the  sequel,  and  perhaps  the  reader  can  see  that  it  falls  into  rhe  area  of  weapon  equivalence  studies  in 
a  particular  role  only,  and  hence  the  analysis  here  is  not  :o  be  considered  a  multipurpose  or  a  total 
system  evaluation  of  modem  tank?. 

We  will  proceed  by  setting  up  a  rather  hypothetical  war  in  Western  Europe  and  then  develop  the 
weapon  list  of  prime  interest,  along  with  the  scenario  of  a  typical  battle  engagement.  Then,  from  the 
results  of  a  combat  simulation,  we  will  be  able  to  illustrate  our  suggested  methodology  for  the  measure¬ 
ment  of  relative  worths  of  ATGM’s  relative  to  that  of  tanks  as  tanjk-killers. 

42-3  THE  GENERAL  BATTLE  SITUATION  - 

Early  on  the  morning  of  21  April  1983,  Red  forces,  without  warning,  broke  into  West  Berlin  with 
their  tank-  and  mounted  infantry,  and  had  almost  ail  of  West  Berlin  under  control  before  the  day  was 
over,  for  Blue  was  surprised,  stunned,  and  not  ready  for  battle  under  the  circumstances.  Within 
another  two  days,  the  Red  Sixth  Army  had  advanced  through  Potsdam,  Brandenburg,  Magdeburg, 
and  Dessau  without  any  heavy  losses,  and  so  they  proceeded  to  push  on  and  take  over  the  area  of  Ger¬ 
many  involving  the  towns  of  Hannover,  Brunswick,  and  Haberstadt.  It  seemed  quite  evident  to  Blue  at 
this  point  that  Red  forces  would  drive  toward  the  Ruhr  Basin  with  their  quick  and  successful  tank  and 
mounted  infantry  attacks,  and  hence  that  some  quick  and  decisive  means  would  be  necessary  to  stop 
and  annihilate  Red  tanks  over  a  wide  area  bf  probable  conflict.  In  this  connection,  Blue  visualized  that 
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two  or  three  Red  armies  would  likely  attack  with  their  armored  divisions  all  along  the  line  running  ap¬ 
proximately  from  Bremen  to  Nuremberg,  and  that  the  primary  problem,  at  least  initially,  was  to  coun¬ 
ter  the  tank  threat  immediately.  Blue  then  decided  to  make  a  stand  along  the  west  banks  of  the  Weser 
and  YVerra  rivers.  In  fact,  Blue  believed  they  could  bring  up  forces  and  be  quite  well  prepared  to  stop 
any  such  tank  threat,  for  they  had  played  pertinent  war  games  and  conducted  many  combat  simula¬ 
tions  for  this  very  possibility  a  number  of  years  earlier.  Also,  Blue’s  completely  computerized  rombat 
simulation  called  CARMONETTE  had  been  developed  to  a  very  advanced  degree  of  realism  and  ac¬ 
curacy  of  assessment,  and  much  of  the  input  details  and  standard  decisions  had  been  validated 
through  field  exercises  and  many  experiments  conducted  at  Blue’s  Combat  Development  Experimen¬ 
tation  Center.  In  the  paragraphs  {hat  follow,  we  will  outline  the  type  of  combat  simulations  that  led  to 
a  rather  accurate  establishment  of  the  relative  values  of  tanks  and  ATGM’s  in  killing  enemy  tanks,  and 
it  was  on  the  basis  of  such  studies  that  Blue  could  determine  just  how  to  organize  his  divisions  in  terms 
of  the  relative  balance  of  tanks  and  ATGM’s  needed  to  counter  the  Red  tank  threat. 

42-4  BRIEF  DESCRIPTION  OF  KEY  BLUE  AND  RED  ANTITANK  WEAPONS 

For  a  tank  battle  in  Western  Europe,  such  as  outlined  in  par.  42-3,  Blue  expected  that  each  of  his 
mechanized  companies  would  have  to  repulse  or  stop  Red  forces  up  to  the  size  of  a  Red  tank  battalion 
In  a  Red  tank  battalion,  it  was  expected  that  there  would  be  about  31  R63  tanks  mounting  120  mm 
smooth-bore  guns  firing  an  armor-piercing  discarding  sabot  (APDS)  projectile.  In  addition^  Red 
would  have  iO  armored  infantry  combat  vehicles  (RBMP’s)  which  featured  a  23  mm  smooth-bore  gun 
capable  of  firing  HEAT  ammunition,  the  usual  7.62  mm  machine  gun,  and  a  ZAGGER  ATG.Vl  for 
each  RBMP.  The  Red  ZAGGER  ATGM  weighs  about  25  lb,  has  a  5-in.  diameter  HEAT  warhead,  a 
wire  command  link,  and  a  range  of  about  3,000  m. 

In  addition  to  the  R63  tanks  and  the  RBMP’s  with  ZAGGER  missiles.  Blue  intelligence  indicated 
that  Red  may  have  attached  to  its  tank  battalion  some  five  RBRDM’s  (scout  vehicles)  which  mount 
ZW'ATTER  ATGM’s.  The  Red  ZWATTER  ATGM’s  have  a  range  capability  of  about  3.300  m,  and 
mount  a  HEAT  warhead  of  about  5.3  in.  diameter.  However,  the  Red  ZW’ATTER  ATGM  guidance 
systems  incorporates  a  radio  command  link  which  could  be  jammed. 

Hit  probability  for  the  Red  ZAGGEP  ATGM  increases  from  0.3  to  0.4  at  200  m  to  about  0  6  at 
ranges  beyond  1000  in,  while  the  Red  ZWATTER  would  attain  hit  probabilities  of  about  0.7  or 
slightly  better  at  all  ranges  within  its  range  capability.  Red  ZAGGER  and  ZWATTER  ATGM ’s  with 
their  HEAT  warheads  could  be  effective  also  against  Plue  personnel  and  Blue  crews  firing  ATGM’s, 
either  dismounted  or  projected  in  armored  personnel  carriers. 

In  summary,  Red  posses  sea  three  different  types  of  weapons  with  antiarmor  capability  against 
Blue’s  tanks,  along  with  capability  also  to  defeat  mounted  or  unmounted  infantrymen  firing  ATGM’s. 

Ordinarily,  a  Blue  mechanized  company  would  have  five  Blue  chief  battle  tanks  (BCBT’s),  armed 
with  highly  accurate  115-mm  guns  firing  an  XM  731  fin-stabilized,  slowly-rotating  projectile  with  a 
newly  developed  and  highly  potent  HEAT  *ype  warhead  which  could  easily  defeat  any  Red  tank  or 
vehicle  on  the  battlefield.  Moreover,  Blue  tank  fire  control  equipment  had  been  developed  which  had 
a  mazingly  small  aiming  errors  The  Blue  CBT’s  have  the  capability  to  attack  personnel  targets  of  any 
kind,  including  any  Red  ATGM  crews  in  their  armored  personnel  carriers. 

Blue  mechanized  companies  also  have  the  capability  of  some  six  ATGM’s  known  as  W’OW’s 
(Weapon-launched,  optically  tracked,  wire  command  link  missiles)  with  HEAT  type  warheads,  and 
some  shorter-range  “Dragon”  antitank  weapons.  Blue’s  WOW  missile  appeared  to  be  one  of  the  best 
for  antitank  capability  to  be  fielded  in  recent  years,  and  it  had  been  very  successful  in  extensive  field 
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trials.  Blip’s  WOW  missile  coulu  be  fired  very  accurately  to  a  range  of  perhaps  some  3500  m  from 
weapon  mounts  on  its  armored  personnel  carriers,  or  from  relatively  simple  ground  mounts  operated 
by  infantrymen,  or  from  a  Helicopter  as  well. 

Thus,  Blue  some  years  earlier  had  reached  the  decision  that  its  new  BCBT’s  and  the  highly 
developed  WOW  missile  could  handle  the  Red  tank  threat  expected  in  Western  Europe.  Therefore, 
only  these  two  Blue  weapons  were  played  in  Blue’s  combat  simulation  called  CARMONETTE  to 
determine  their  relative  worth  in  tank  combat. 

For  the  type  of  Red  tank  threat  described  in  par  42-3,  Blue  considered  that  on  the  equivalent  of  a 
division  front  the  total  cost  of  Blue  WOW  ATGM’s  fielded  could  be  made  equal  approximately  to  the 
cost  of  the  Blue  CBT’s  in  the  division,  if  need  be.  In  this  way,  Blue  might  then  be  able  to  judge  directly 
the  effectiveness  of  WOW  ATGM’s  with  that  of  the  main  antitank  gun  on  an  equal  cost  or  effort  basis. 
Furthermore  this  meant  that  Blue  could  have  at  least  eight  WOW’s  for  each  BCBT  on  the  average  at 
the  division  level.  However,  Blue  decided  the  eight  WOW’s  per  BCBT  seemed  a  bit  “too  far  out”,  and 
ieally  wanted  to  know  if  he  could  get  bv  with  as  few  as  only  two  WOW’s  for  each  BCBT.  Also,  Blue 
desired  as  many  BCBT’s  as  possible  for  use  in  a  counterattack.  Blue  thus  proceeded  as  outlined  in  par. 
42-5. 

42n5  PLAN  OF  THE  SIMULATION  AND  THE  RESULTS 

In  conducting  the  CARMONETTE  simulations,  Blue  realized  that  the  Red  tank  threat  would  no 
doubt  be  over  many  miles  a'ong  the  main  line  of  resistance  (MLR),  and  Blue  also  knew  from  past  ex¬ 
perience  with  CARMONETTE  simulations  that  some  5  to  20  runs  or  replications  would  be  required 
to  obtain  dependable  and  stable  results.  In  addition,  Blue  realized  that  for  any  wide-scale  Red  attack 
through  the  heart  of  West  Germany  he  could  not  depend  entirely  on  “going  by  the  book”,  especially 
insofar  as  current  doctrinal  use  of  ATGM’s  was  concerned.  In  fact,  he  had  the  following  rather  iso¬ 
lated,  but  important,  information  from  Ref.  1  concerning  an  experience  during  the  Yom  Kippur  War: 

“We  were  advancing  and  in  the  distance  I  saw.  specks  dotted  on  the  sand  dunes.  I  couldn’t  make 
out  what  they  were.  As  we  got  closer.  I  thought  they  looked  like  tree  stumps.  They  were  motion¬ 
less  and  scattered  across  the  terrain  ahead  of  us.  I  got  on  the  intercom  and  asked  the  tanks  ahead 
what  they  made  of  it.  One  of  my  commanders  radioed  back:  ‘My  God,  they’re  not  tree  stumps. 
They’re  men!’  For  a  moment  I  couldn't  understand.  What  were  men  doing  standing  out  there — 
quite  still — when  we  were  advancing  in  our  tanks  towards  them?  Suddenly  ail  hell  broke  loose,  A 
barrage  of  missiles  was  being  fired  at  us.  Many  of  our  tanks  were  hit.  We  had  never  come  up 
against  anything  like  this  before  .  .  .” 

ISRAELI  TANK  COMMANDER  IN  THE 
SINAI,  October  1973 

Blue  also  realized  that  his  defense  along  the  Weser  and  Werra  rivers  might  well  represent  his  best 
available  opportunity  to  counter  the  Red  threat.  Thus,  Blue  reached  the  decision  that  he  would  do  well 
to  bring  up  special  reserves  for  the  occasion  of  the  generally  described  battle,  even  though  the  Blue 
policy  had  been  that  of  expecting  a  Red  to  Blue  force  ratio  of  about  three  to  one.  Based  on  as  careful 
planning  as  he  could  perform  at  the  time  and  with  his  available  resources.  Blue  decided  that  on  the 
average  he  should  pit  about  10  CBT’s  and  20  WOW’s  against  Red’s  31  R63’s,  10  ZACGER's,  and  5 
ZWATTER’s.  This  meant  a  restructuring  of  Blue’s  basic  mechanized  and  armored  divisions  to  fight 
the  expected  battles,  although  Blue  knew  that  this/  "ic  represent  only  a  slight  problem,  since  his  ar¬ 
mored  company  teams  might  have  as  many  as  17  Ct  *  s  and  two  WOW’s  on  one  hand,  or  on  the  other 
could  accommodate  8  CBT’s  and  some  24  WOW’s.  Blue’s  choice  of  weapon  ratios  made  it  evident  that 
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the  simulation  would  be  run  in  order  to  safely  give  the  most  useful  results  for  future  planning.  Blue 
therefore  would  base  his  findings  on  ten  CBT’s  and  20  WOW’s  against  Red  for  the  CARMONETTE 
comparisons  desired. 

With  reference  to  the  number  of  CARMONETTE  simulations  to  run,  Blue  decided  on  15  replica¬ 
tions  with  somewhat  varying  scenarios,  representing  especially  the  different  terrain  conditions  along 
the  MLR  and  the  probable  protection  thereby  provided  for  Blue  defenses.  Blue  also  had  to  depend  on 
the  hopeful  possibility  that  Red  tanks  would  advance  far  beyond  their  infantry  and  hence  might  be 
“easy  pickings”  for  Blue’s  generally  protected  CBT’s  and  his  hidden  WOW’s  in  the  defense. 

The  CARMONETTE  simulations  based  on  the  restructured  organizations  were  run  at  the  bat¬ 
talion  level  and  the  average  numbers  of  kills  per  weapon  based  on  15  replications  for  the  various  90- 
min  battles  along  the  MLR,  allowing  some  resupply  and  system  replacements,  were  found  to  be  the 
following: 

1.  Each  Blue  WOW  averaged  0.15  ZAGGER  kill,  0.30  ZWATTER  kill,  and  0.15  R63  kill. 

2.  Each  CBT  averaged  0.45  ZAGGER  kill,  0.60  ZWATTER  kill,  and  0.45  R63  kill. 

3.  Each  Red  ZAGGER  averaged  0.30  WOW  kill  and  0.15  CBT  kill. 

4.  Each  Red  ZWATTER  averaged  0.15  WOW  kill  and  0.30  CBT  kill. 

5.  Each  Red  R63  tank  averaged  0.45  WOW  kill  and  fl.15  CBT  kill. 

Blue  further  calculated  that  the  average  number  of  Red  weapon  system  kills  would  be  about  0.35  per 
Blue  weapon  and  the  standard  deviation  of  the  number  of  Red  kills  was  about  0.05.  Thus,  the  standard 
deviation  of  an  average  of  15  such  kill  numbers  would  amount  to  only  about  0.013,  which  Blue  decided 
would  be  acceptable  for  his  analytical  purposes  of  relating  tank  kills  from  guided  missiles  as  compared 
to  that  of  the  tank  main  armamen* 

42-6  ANALYSIS  TO  DETERMINE  WEAPON  EQUIVALENCE  VALUES  OR 
WORTHS 

With  the  kill  data  enumerated  in  par.  42-5,  we  may  now  set  up  the  killer-victim  scoreboard  for  the 
Blue-Red  CARMONETTE  tank  battle  simulations  as  indicated  in  Table  42-1.  (Note  how  the  Blue 
and  Red  weapons  are  numbered  consecutively,  W,,  Wt,  fV„  and  IT,.) 

Next,  we  assume  that  the  worth  of  any  weapon  depends  on  its  killing  power,  i.e.,  kill  rate,  against 
weapons  on  the  other  side  in  a  battle.  That  is  to  say,  the  worth  W  of  a  weaDon  is  defined  as  being 
proportional  to  the  number  of  opposing  enemy  weapons  it  can  kiil  per  unit  time,  where  each  opposing 
weapon  is  weighted  according  to  its  own  worth.  As  an  example  in  Table  42-1,  we  may  say  that  the 
worth  W,  of  tne  Blue  WOVV  may  be  estimated  from  the  following  worth  equation  determined  from  the 
first  row  of  Table  42-1  in  terms  of  the  worth  W,  of  the  Red  ZAGGER,  the  worth  W,  of  the  Red  ZWAT¬ 
TER,  and  the  worth  W%  of  each  Red  R63: 

kWi  =  f\%W%  +  rl4  W,  +  rt,  IT,  (42-1) 

where 

k  =*  constant  of  proportionality 

rtJ  =  kill  rate  of  weapon  «  against  weapon/  =*  number  kiils/battle  time. 

Hence,  w'th  the  battle  time  of  90  min  used  in  the  CARMONETTE  runs,  we  may  easily  calculate 
the  relative  kill  rates  in  kills  per  hour  and  set  up  the  killer-victim  worth  matrix  of  Johnsrud  (Ref.  2  or 
Chapter  30),  as  in  Eq.  42-2. 
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TABLE  42-1 


KILLER-VICTIM  SCOREBOARD 
(AVERAGE  NUMBER  KILLS  AGAINST  EAC  i  SIDE) 
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If. 

If. 
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Blue 
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ZAGGER  ZWATTER 
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If,— Biue  WOW 

0 

0 

0.15 

0.30 

0.15 

BlueCBT 

0 

0 

0.45 

0.60 

0  45 

If,— Red  ZAGGER 

0.30 

0  15 

0 

0 

0 

If.— Red  ZWATTER 

0.15 

0.30 

0 

0 

0 

If, — Red,  R63 

0.45 

0.15 

0 

0 

0 

w. 

-k 

0 

0.1 

0.2 

0.1 

■ 

Wa  . 

0 

—k 

0.3 

0.4 

0.3 

Wt 

0.2 

0.1 

—k 

0 

0 

(42-2) 

0.1 

0.2 

0 

-k 

0 

w* 

0.3 

0.1 

0 

0 

! 

Thu',  following  the  analysis  of  par  30-4  in  Chapter  30.  we  have  that  Blue’s  kill  rate  matrix  against 
Red  weapons  [p1  is 


0.1 

0.2 

0.1 

0.3 

0.4 

0.3 

(42-3) 


and  Red's  kill  rate  matrix  against  Blue  weapons  [0]  is  givfen  by 


10]  » 


0.2 

0.1 

0.1 

0.2 

0.3 

0.1 

(42-4) 


The  product  of  these  two  matrices  which  will  be  needed  in  the  killer-victim  analysis  is 

l  fflM- 

Now,  as  in  Johnsrud’s  procedure  of  p 
determinantal  equation: 


fo.05 

0.08 

0.05 

.  . 

1  0.07 

0.10 

0.07 

(42-5) 

j_0.06 

o' 10 

0.06 

0-4,  we  seek  the  largest  eigenvalue  for  k  from  the  following 

-0.05 

-0.08 

-0.05 

0.07 

k 1  -  o.io 

-0.07 

=  0.  (42-6) 

0.06 

-0.10 

k'- 

■0.06 
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This  determinantal  equa.ion,  however,  simplifies  for  our  use  to 

A-4  -  0  2U*  -  0.00’ 5  =  0 


(42-’) 


and  the  largest  real  posith  *  root  of  this  equation  is  foui  d  to  be 

k  =  0.46622.  (42-8) 

The  worth  matrix  to  be  evaluated,  therefore,  is  that  of  ^q.  42-2  with  k  rep'ared  by  the  numericallv 
largest  eigenvalue  k  =  0  46622. 

One  can  easily  trianguiarize  the  resulting  matrix  of  Eq.  •  2-2  by  using  successively  the  first  row,  then 
the  resulting  second  row,  etc.,  to  produce  zeros  below  the  principal  diagonal.  The  final  triangularized 
matrix  is  found  to  be 


0.46622 

0 

0.1 

0.2 

0.1 

0 

-0.46622 

0.3 

0.4 

0.3 

0 

0 

-0.35897 

0.17159 

C.  10725 

0 

0 

0 

-0.17996 

0.19500 

0 

0 

0 

0 

0.0000 

A  good  check  on  the  calculations  is  obtained  since  the  '  st  element  is  only  0.0000  (to  four  decimal 
places). 

Hence,  we  see  that 

0.1 7996 IV4  =  0.1950W; 


or 

Further, 


or 


Similarly, 

and 


W4  =  1.084  M7*.  (42-10) 

0.35897  W%  =  0. 1 7 1 59  +  0. 1 0725  Ws  (42-11) 

Wt  =  0.8 17  IT,.  (42-12) 

V',  =  2.099  Wt  (42-13) 

h\  =  0.855  W',.  (42-14) 


Finally,  the  relative  worths,  “killing  powers”  or  effectiveness  values  for  the  Blue  and  Red  weapon 
systems  are  from  Eqs.  42-10  through  42-14 

One  Blue  CBT  =  2.099  Red  R63’s 
One  Blue  WOW  =  0.855  Red  Rb3 
On_  Red  ZAGGER  -  0.817  Red  R63 
One  Red  ZWATTER  =  1.084  Red  R63  s. 


Also, 


One  Blue  CBT  *  2.099/0.855  Blue  WOW’s 
=  2.455  Blue  WOW’s 
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One  Red  R63  =  1.224  Red  ZAGGER's 
One  Red  ZAGGER  =  0.754  Red  ZWATTER. 

Next,  let  us  look  at  the  relative  overall  values  of  Blue  antitank  weapon  systems  versus  those  of  Red 
tank  forces  we  have  programmed  in  CARMON’ETTE.  For  Blue,  we  have  10  CBT's  and  20  WOW  s, 
the  total  value  of  which  may  be  described  as 

Blue’s  Total  Value  =  10(2.099)  +  20(0.855)  =  38.1  R63's. 

Correspondingly,  we  get  for  Red: 

Red’s  Total  Value  =  30(1)  +  10(0.817)  +  5(1.084)  =  43.6  R63’s. 

We  therefore  conclude  from  the  relative  numerical  worths  of  Blue  and  Red  forces  that  although  Red 
possesses  some  superiority  over  Blue  in  weapon  potential,  Blue  has  nevertheless  done  quite  well  in  his 
weapon  employment  tactics  indeed.  In  fact,  in  an  hour  Blue  has  been  able  to  kill  four  Red  ZAGGER’s, 
as  many  as  six  Red  ZWATTER’s  with  resupply  or  if  Red  had  them,  and  four  Red  R63’s,  the  worth  of 
which  is 

4(0.817)  +  6(1.084)  +  4(1)  =  13.8  R63’s 

which  is  13.8/43.6  =  0.32  or  32%  of  Red’s  total  combat  worth.  Hopefully,  Blue's  planned  defense 
might  iro  a  lung  wav  toward  stopping  Red’s  thrust  through  West  Germany,  and  moreover  Blue  has  a 
quantitative  method  of  comparing  overall  forces  on  each  side  and  “building  up”  his  own  effective 
force  as  needed.  . 

We  should  emphasize  again  that  the  measurement  of  worth  in  this  example  involves  only  the 
capability  of  Blue  to  kill  Red  tanks  and  antitank  weapons,  and  vice  versa.  It  does  not  measure  the 
overall  worth  of  either  a  Blue  or  a  Red  tank,  for  they  possess  much  more  versatility  in  mobility,  crew 
protection,  shock  action  capability,  etc.  It  does  seem  possible  nevertheless  that  if  a  suitable  combat 
simulation  could  be  developed  in  depth  to  account  for  the  key  parameters  in  a  battle — including 
maneuver,  armor  protection,  weapon  effectiveness,  tactical  mobility,  etc. — then  the  battle  outcome 
might  be  sufficiently  scenario  dependent  to  generate  rather  general  conclusions.  To  our  knowledge, 
such  accurate  description  of  a  real  combat  simulation  has  not  yet  been  attained.  This  leads  us  to  some 
additional  comments  concerning  actual  battles  and  combat  simulations. 

42-7  SOME  PERTINENT  COMMENTS  ON  TANK  WARFARE 

Concerning  the  advent  of  the  ATGM,  Ref.  1  indicates  that  the  ATGM  must  be  considered  a  potent 
.weapon  on  the  battlefield.  Some  of  the  strengths  of  probable  enemy  ATGM  systems  include  their  long 
range  accuracy,  high  degree  of  lethality,  ease  of  employment,  high  reliability  for  the  wire  command 
link,  invulnerability  of  the  wire-guided  weapon  to  countermeasures,  and  remote  firing  capability.  On 
the  other  hand,  some  of  the  ATGM  weaknesses  include  the  need  for  highly  trained  gunners,  the 
minimum  range  capability,  the  slow  speed  of  the  missile,  the  susceptibility  of  electronic  systems  to 
countermeasures,  the  requirement  for  good  visual  contact  with  both  target  and  missile  during  flight, 
and  the  lack  of  good  responsiveness  in  tracking  erratically  moving  targets.  It  is  expected  that  second 
generation  missiles  will  show  considerable  improvements,  however. 

Now  a  word  or  two  about  Soviet  Ground  Forces.,  FM  30-4  (Ref  3)  is  a  fairly  current  account  of 
Soviet  ground  force,  operations  on  the  modern  battlefield.  It  points  out  that  the  historic  emphasis  of 
Russia  on  defense  has  charged  dramatically  to  that  of  offensive  in  current  Soviet  military  doctrine  and 
that  armor  will  probably  be  massed  in  multiple  formations,  except  perhaps  for  the  possibility  of 
nuclear  warfare:  Moreover,  Soviet  infantry  is  a  mechanized  force,  and  the  armored  personnel  carrier  is 
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both  a  carrier  and  a  fighting  vehicle,  with  soldiers  trained  to  ride  directly  into  combat  firing  tfteir 
weapons  through  side  ports.  However,  if  heavy  antitank  fire  is  encountered,  then  Soviet  doctrine  is  for 
the  men  to  dismount  and  attack  from  behind  supporting  tanks,  followed  by  their  APC's  giving  support 
with  heavy  machine  guns.  In  fact,  to  quote  Ref.  3,  we  must  realize  that 

“Tanks  provide  the  offensive  punch  that  is  so  important  in  all  Soviet  tactical  concepts,  with  riflemen 
being  carried  in  armored  personnel  carriers  or  infantry  combat  vehicles  that  can  keep  pace  with  the 
tanks  and  deliver  the  infantry  directly  into  combat.  High-speed  armored  strike  forces  are  designed 
both  to  attack  enemy  concentrations  directly  and  also  to  penetrate  as  far  as  possible  into  the  rear  of 
enemy  concentrations.” 

Thus,  it  may  surely  be  expected  that  dismounted  Soviet  infantry  and  sometimes  those  in  armored  per¬ 
sonnel  carriers  will  be  fully  integrated  with  their  tanks  in  any  future  conflict. 

With  reference  to  the  Mideast  War  results,  we  quote  from  Ref.  1: 

“Initial  news  media  reports  from  the  October  War  heralded  the  demise  of  the  tank  and  the  ascen¬ 
dancy  of  the  antitank  guided  missile.  The  Israeli  tank  losses  in  the  war  tended  to  support  the  view  that 
the  tank  was  dominated  by  SAGGER’s  and  RPG-7's.  However,  subsequent  reports  and  analysis  in¬ 
dicated  that,  in  fact,  the  tank  was  the  principal  tank-killer.  The  effect  of  the  ATGM  was  significantly 
degraded  by  the  use  of  proper  tactics  and  techniques. 

“During  the  first  few  days  of  the  war,  Israeli  armor  units  attacked  without  adequate  artillery  or  in¬ 
fantry  support.  Few  artillery  units  had  been  mobilized,  and  what  few  mechanized  infantry  units  were 
available  were  mostly  mounted  in  halftracks  and  could  not  keep  up  with  the  tanks.  The  result  was 
devastating  destruction  of  Israeli  tanks  by  Arab  ATGM ’s  and  RPG-7’s. 

“The  Israelis,  however,  soon  modified  their  tactics  to  employ  the  combined  arms  team — infantry, 
armor  and  artillery.  By  firing  artillery  on  likely  or  suspected  locations  for  SAGGER’s  and  employing 
infantry  with  the  tanks  to  add  suppressive  fire  to  SAGGER  and  RPG-7  positions,  the  effectiveness  of 
the  antitank  guided  missile  was  significantly  reduced.  The  infantry  was  employed  with  the  tanks  in  the 
three  ways: 

(1)  APC’s  together  with  tanks 

(2)  APC’s  leading  tanks 

(3)  Dismounted  infantry  leading  tanks. 

“The  role  of  the  infantry  in  the  attack  was  primarily  to  add  more  suppressive  fire.  Infantry  fought 
mounted,  except  only  when  heavy  antitank  fire  prevented  forward  movement. 

“These  simple  tactics  were  not,  of  course,  invented  nor  developed  independently  by,  the  Israelis. 
They  are  US  tactics.  They  represent  the  application  of  the  combined  arms  team  concept  which  has 
long  been  taught  in  US  Army  schools.  The  lesson  to  be  learned  is  that  the  October  War  has  once  again 
proved  the  validity  of  the  combined  arms  doctrine.” 

Thus,  it  would  seem  from  this  account  that  the  combined  arms  doctrine,  its  development  and  exploita¬ 
tion,  represents  the  proper  direction  for  improving  combat  effectiveness. 

In  this  handbook,  we  have  often  remarked  that  perhaps  one  of  the  most  important,  current  problems 
is  that  of  developing  suitable  methodology  for  analyzing  and  quantifying  the  relative  effectiveness  of 
combined  arms  teams  or  heterogeneous  forces  of  all  kinds.  In  fact,  the  particular  example  covered  here 
would  seem  to  add  some  weight  to  such  a  belief,  and  we  would  therefore  encourage  weapon  systems 
analysts  to  proceed  with  research  in  this  general  area.  We  believe  that  there  is  much  to  be  accom¬ 
plished  concerning  the  development  of  better  methodology  to  analyze  more  accurately  the  battle 
potential  of  combined  arms  through  the  medium  of  the  combat  simulations,  as  this  procedure  would 
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appear  ;o  be  relatively  inexpensive  and  productive.  In  order  to  bring  such  thoughts  into  sharper  focus, 
w.:  nofe  hat  Howes  and  Thrall  (Ref.  4)  give  an  eigenvalue  type  analysis  for  Red  versus  Blue  combat 
t  •.•’Vi’.g  small  arms,  armored  personnel  carriers,  tanks,  armed  reconnaissance  vehicles,  antitar  k 
weapons,  mortars,  and  artillery  on  each  side.  Thus,  seven  different  types  of  weapons  were  involve  1  in 
their  study  of  a  “battle”  where  Red  forces  were  in  the  attack  and  Blue  in  the  defense.  The  ..  thors 
point  out  that  no  claims  are  warranted  concerning  the  general  representativeness  of  their  simulation 
results  since  this  would  depend  very  much  on  the  scenario  used.  Also;  the  random  statistical  variations 
inherent  in  the  game  model  would  have  some  effect  in  achieving  consistent  results.  Nevertheless,  the 
principles  of  their  analysis,  i.e.,  the  techniques  outlined  in  this  chapter  and  that  of  Chapter  30,  would 
seem  to  show  considerable  promise  as  perhaps  the  best  available  method  of  studying  combined  arms  in 
a  systematic  and  quantifiable  way.  That  is  to  say,  wt  need  study  procedures  which  will  measure  the 
relative  worths  of  the  different'weapons  employed  in  combined  arms  simulations  for  these  establish  the 
relative  combat  values  of  each  weapon  type  or  various  grouping  that  might  be  considered  as  well.  The 
Army  weapon  systems  analysts  could  well  accumulate,  catalog,  and  have  available  for  ready  reference 
the  weapon  equivalence  values  extractable  from  the  large  number  of  combat  simulations  now  being 
conducted  at  Army  agencies.  In  one  simulation,  for  example,  a  BCBT  might  be  worth  2  R63’s,  while 
from  another  combat  simulation  an  R63  might  be  worth  100  infantry  men  or  two  howitzers,  etc.,  so  that 
all  relative  worths  could  be  related.  Once  such  values,  are  obtainable,  then  they  may  be  used  as 
building  blocks  of  tables  or  organization  and  equipment,  which  would  indicate  perhaps  the  best  struc¬ 
tures  of  future  army  divisions.  It  is  recommended,  therefore,  that  attempts  to  accomplish  results  in  this 
direction  would  well  be  worthwhile. 

42-8  SUMMARY 

We  have  developed  an  example  of  Blue  versus  Red  tank  combat  which  might  be  fought  in  a  future 
war  and  have  indicated  a  useful  methoa  of  analysis  whigh  quantifies  the  relative  “combat  worths”  of 
the  different  types  of  antitank  weapons  involved.  An  advantage  of  the  approach  is  that  the  weapon 
system  worths  developed  could  possibly  represent  a  powerful  technique  of  developing  building  blocks 
to  field  optimum  combat  forces.  The  analysis  again  shows  that  kill  rates  are  the  primary  MOE’s. 
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CHAPTER  43 

AN  EVALUATION  METHOD  FOR  ARTILLERY  OR 
SUPPORT  TYPE  WEAPON  FAMILIES 

MV  outline  and  discu  t  in  some  detail  the  i  urrent  techniques  of  evaluating  artillery  weapons,  especially  those  calibers 
ltd  it  h  are  combined  in  various  ways  to  give  a  "mu  "  or  '  jumiiy”.  1  he  aim  is  to  present  a  method  oj  comparing  the  dif¬ 
ferent  competing  weapon  mixes  in  order  to  establish  superiority  of  one  mix  over  the  other,  if  possible.  It  is  found  that  a 
very  good  measure  of  effectiveness  is  that  of  deteimirnng  whi-h  artillery  weapon  mix  can  engage  the  most  targets  at  fairly 
reasonable  cost,  and  this  anaiysis  is  accomplished  throi  gh  t\  use  of  the  Legal  Mix  simulation.  .4n  example  in  some  in¬ 
formative  detail  is  given  which  apbroach'j  the  question  jj  determining  the  best  mix  of  155  mm,  175  mm,  and  203  mm  { 8 
in.)  artillery  weapons  for  an  expected  .conflict  ir.  sdurope. 

43-1  INTRODUCTION 

In  contrast  to  Chapter  41  on  the  evaluation  of  infantry  hand-held  weapon  mixes  to  produce  as 
many  casualties  as  possible  a  :d  stop  Red  infantry,  and  the  analysis  of  Chapter  42  on  combat  between 
tanks  and  guided  missiles  on  both  sides,  this  chapter  involves  an  example  of  the  evaluation  of  artillery 
or  support  type  weapons.  Note  that,  for  the  infantry  and  tank  types  of  battles,  there  are  invariably 
some  exchanges  or  losses  of  weapons  on  both  sides  due  to  the  direct  firing  between  forces  or  the  close- 
combat  situation.  In  contrast,  artillery  and  supporting  weapon  systems  in  general  must  often  be 
eva’uated  in  a  rather  different  manner  in  the  absence  of  direct  exchanges.  For  combat  situations  such 
as  that  depicted  for  tanks  in  Chapter  42,  it  might  be  said  that  we  are  quite  capable  of  measuring  the 
relative  worth  of  weapons  on  one  side  against  those  on  the  other  in  a  very  direct  manner,  and  par- 
■  ticularly  in  terms  ol  their  capability  to  destroy  opposing  close-combat  forces.  In  the  analysis  of  sup¬ 
port  weapons  such  as  artillery,  there  may  often  be  little  or  no  direct  exchange  of  fire.  Hence  it 
becomes  necessary  to  measure  the  worth  of,  or  that  is  to  say,  evaluate  artillery  in  terms  of  its 
capability  to  destroy  many  deep  targets,  usually  of  much  larger  sizes,  in  areas  adjacent  to  or  beyond 
the  direct  battle  between  ihfantry  and  tank  elements,  or  to  attack  rear  areas  that  may  become  threats 
in  due  course  of  the  overall  battle  action.  This  would  include  also  counterbattery  fire  as  needed. 

As  indicated  in  Chapter  8,  artillery  caused  morel  than  half  the  casualties  in  World  War  II.  In  Table 
43-1,  we  give  the  percent  deaths  and  percent  wounds  for  US  troops  for  World  War  II,  Korea,  and 
Vietnam.  Note  the  effectiveness  of  artillery  (fragmenting  projectiles)  relative  to  small  arms,  except  for 


TABLE  43-1 

PERCENT  DEATHS  AND  PERCENT  WOUNDS  BY  CAUSATIVE  AGENT  FOR  US  ARMY 
TROOPS  IN  WORLD  WAR  II,  THE  KOREAN  WAR,  AND  VIETNAM 


Deaths 

Wounds 

Cause 

WWII 

Korea 

Vietram 

WWII 

Korea 

Vietnam 

Small  Arms 

32 

33 

51 

20 

27 

Fragments 

S3 

59 

62  , 

61 

65 

Other 

15 

8 

M 

18 

12 

19 

(The  above  percentages  are  for  LTSca«uahies  caused  by  opposing  forces) 
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the  Vietnam  war  where  rifle  firing  dominated.  We  should  also  make  particular  note  of  the  fact  that  ar¬ 
tillery  weapons  are  becoming  more  and  more  versatile,  as  evidenced  by  the  current  capability  of  some 
of  them  to  engage  and  destroy  tanks  at  long  ranges,  and  no  doubt  that  artillery  will  continue  to  be  one 
of  the  main  arms  of  the  future.  Field  artillery  can  destroy  or  suppress  enemy  infantry  at  short  ranges; 
it  can  destroy  antitank  guided  missiles  and  crews  at  the  short  to  medium  ranges,  and  our  support 
weapons  can  attack  enemy  artillery  or  enemy  air  defense  systems  at  the  longer  ranges.  Suppression  is 
also  very  important  since  if  enemy  crews  fail  to  take  cover  or  evasive  actions  during  an  artillery  at¬ 
tack,  a  high  chance  of  destruction  invariably  follows. 

It  can  be  «aid  that  field  artillery'  is  the  land  combat  arm  with  a  mission  to  provide  continuous  and 
timely  fire  support  to  various  field  commanders  by  destroying  or  neutralizing  in  proper  order  of 
priority  those  ground  targets  that  may  have  the  effect  of  jeopardizing  the  accomplishment  of  the  field 
commander’s  mission.  In  order  to  accomplish  its  mission  objectives,  field  artillery  must: 

1.  Support  the  maneuver  forces  with  continuous,  timely,  accurate,  and  close  fire  support  as  re¬ 
quired. 

2.  Deliver  counterbattery  fires  throughout  the  range  of  the  weapon  systems  capability. 

3.  Extend  depth  to  combat  by  delivering  fires  on  logistical  installations,  reserves,  command 
posts,  communication  facilities,  and  other  enemy  targets  throughout  the  area  of  influence  of  the  sup¬ 
ported  force. 

As  contrasted  to  infantry  and  tank  units  in  direct  combat,  artillery  may  be  placed  or  hidden  in  rear 
areas  not  under  direct  fire,  yet  deliver  devastating  fire  on  enemy  targets  of  all  kinds  located  at  various 
distances  from  the  main  line  of  resistance  (MLR).  For  example,  the  155  mm  M109A1  Howitzer  can 
deliver  fire  on  the  enemy  from  a  few  thousand  meters  to  a  range  of  3bout  18.1  km,  or  with  the  newer 
extended  range  projectile  this  field  artillery  piece  can  attack  targets  out  to  a  range  of  about  24.5  km. 

Artillc  y  represents  one  of  the  main  combat  support  arms  of  the  division  in  combat;  the  others  are 
aviation,  air  defense,  engineer,  signal,  and  military  police.  Additional  combat  support  elements  and 
reinforcements  in  the  combat  support  areas  may  be  attached  from  higher  headquarters  when  the  tac¬ 
tical  situation  demands  such  support.  Thus,  we  begin  to  see  some  of  the  inherent  versatility  in  em¬ 
ployment  of  artillery  in  the  combat  zone  to  annihilate  the  enemy  over  the  wide  areas  where  he  may  be 
found. 

Artillery  also  represents  one  of  the  key  weapon  systems  for  combined  arms  effectiveness  studies.  We 
need  to  establish  the  relative  performance  and  combat  interrelationships  among  aviation,  artillery, 
other  gun  fire,  infantry,  and  armor.  In  addition,  we  need  to  quantify  the  artillery  firepower  effec¬ 
tiveness  improvements  that  can  be  made  through  enhanced  intelligence  activities  or  improved 
targeting;  logistic  operations  of  support;  mobility  and  maneuverability  with  mechanized  infantry;  and 
the  command  and  control  functions  as  well. 

Surprise  fire  is  the  most  effective  fire  that  can  be  delivered  on  enemy  personnel,  as  is  well  known.  FM 
6-141-2  (Ref.  1)  gives  a  good  and  informative  account  of  field  artillery  effectiveness  analysis  and  ar¬ 
tillery  weapon  employment  for  nonnuclear  combat.  In  particular,  Ref.  1  covers  the  following  topics  of 
interest  for  artillery: 

1.  Concepts  of  employment 

2.  Cannon  weapon  systems  characteristics  and  effectiveness,  including  lethal  areas 

3.  Employment  of  standard,  high  explosive,  and  selected  ammunition 

4.  Employment  of  toxic  chemical  ammunition 

5.  Rocket  and  missile  weapon  systems 

6.  Comparison  of  high  explosive  and  selected  ammunition.  n  , 
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A  very  useful  compendium  of  field  artillery  facts,  organizations,  tactics,  operations,  weapon  systems 
and  terminology  of  relative  current  usage  is  that  of  Reichard  and  Downs  (Ref.  21.  Also,  an  extension  of 
this  account  to  include  classified  field  artillery  facts  is  given  by  Reichard  and  Downs  in  Ref.  3.  In  par¬ 
ticular,  Ref.  3  covers  the  history  of  weapon-range  studies,  range-extension  alternatives  for  artillery,  ai- 
tillerv  weapon  systems  lethality  figures,  and  the  Soviet  military'  organization  and  equipment. 

An  informative  account  of  artillery  suppression  analysis  techniques  is  given  by  Kinney  in  Ref.  -t.  I  his 
reference  also  gives  a  good  coverage  of  this  important  application  of  field  artillery  type  weapons.  An  over¬ 
view  of  some  techniques  of  fire  support  analysis  has  been  provided  by  Crane  (Ref.  5),  and  Girard  (Ref.  6' 
discusses  the  structural  approaches  to  fire  support  system  mix  analyses. 

Field  artillery  cannon  gunnery  principles  are  thoroughly  covered  in  FM  6-40  (Ref.  7)  which  is  the  sta-n- 
dar  3  a  nd  universal  text  for  artillery  usage  in  the  US  Army.  The  artillery'  weapon  systems  analyst  shou  Id  be 
familiar  with  much  of  the  contents  of  FM  6-40. 

In  this  chapter,  our  main  interest  centers  around  some  of  the  current  and  rather  typical  techniques  of 
evaluating  artillery  weapon  mixes  for  the  fire  support  role  in  combat.  Many  of  the  principles  and  details  of 
the  present  methodologies  for  studying  the  overall  effectiveness  of  artillery  are  covt  red  inaseriesofstudies 
called  "Legal  Mix”  analyses.  The  Legal  Mix  methods  of  evaluation  have  been  developed  over  a  peribd  of 
some  ten  years  now  and  their  results  have  been  of  considerable  use  to  artillery  weapon  planners.  The 
serious  reader  should  study  Refs.  8-1 5  to  develop  some  expertise  in  the  Legal  Mix  type  methodology  for 
evaluations  and  the  Task  Force  Battleking  study  of  I  iardison  et  al.  (Ref.  1 6)  because  field  artillery  weapon 
planning  purposes  should  beofeontinuing  interest.  Earlier  principlesandstudiesconcerningthedevelop- 
ment  of  methods  forevaluatingartillery  in  itscombat  role  of  fire  support  are  given  in  R.efs.  17- 19  which  con¬ 
tain  pertinent  background  information  for  the  new  analyst. 

In  the  paragraphs  that  follow,  we  will  use  much  of  and  amplify  somewhat  the  study  of  DeArmon  (Ref. 
20)  in  order  to  present  a  rather  typical  and  useful  procedure  for  comparing  one  artillery  force  mix  of 
weapons  against  that  of  another  gun  mix.  In  what  follows,  we  will  approach  the  evaluation  of  support 
weapons  by  first  indicating  an  expected  complex  of  enemy  targets,  with  some  of  their  general  charac¬ 
teristics  (personnel  in  various  degrees  of  cover,  armor,  trucks,  etc.),  criteria  to  defeat  such  targets,  some 
brief  characteristics  of  the  artillery  weapons  which  might  be  employed  to  attack  these  targets,  the  alter¬ 
native  mixes  of  artillery  weapon  families  which  are  compared,  along  with  weapon  delivery  errors, 
lethality,  and  cost  information. 

In  evaluating  artillery  weapons,  the  reader  should  understand  that  the  targets  are  not  often  point' 
targets,  that  they  may  be  large  in  size  (up  to  several  hundred  meters  in  diameter),  and  that  many 
rounds  must  be  fired  to  neutralize  many  of  the  targets.  In  fact,  the  principles  covering  multiple  round 
hit  and  kill  probabilities,  especially  those  of  target  damage  of  Chapter  20,  are  seen  to  be  relevant  and 
useful  in  this  connection.  Also,  it  will  be  observed  that  computers  are  indispensible  for  most  of  the 
current  support  vyeapon  evaluations. 

Before  proceeding  with  the  analytical  details,  we  will  hypothesize  briefly  a  general  battle  situation. 

43-2  GENERAL  BATTLE  SITUATION 

For  an  illustration  of  some  evaluation  principles  of  artillery  in  support  of  our  Blue  combat  organiza¬ 
tions,  we  have  hypothesized  a  probable  battle  situation  in  the  European  Theater,  where  Blue  and  Red 
forces  oppose  each  other  in  a  major  conflict  or  full-scale  war.  The  Red  target  complex  that  Blue  ar¬ 
tillery  is  assigned  the  mission  to  attack  consists  of  some  16  difTetcnt  types  of  targets  (Ref.  20)  found  in 
a  Red  Motorized  Rifle  Combined  Arms  Army  for  a  combat  intensity  level  called  “Intense  Defense” 
for  Blue.  The  problem  of  this  illustrative  example  is  to  determine  the  comparative  effectiveness  of 
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three  different  mixes  of  possible  Blue  artillery  weapons  against  the  subject  target  complex  a..d,  in  par¬ 
ticular.  select  the  best  one  for  further  study  and  planning  of  the  weapon  acquisition  process. 

The  artillery  weapons  to  be  considered  in  neutralizing  the  enemy  target  complex  consist  of  the 
M109A1  155  mm  Howitzer,  the  Nil  10  Self-Propelled  8-in.  (203  mm)  Howitzer,  and  the  M107  175 
mm  Self-Propelled  Gun.  The  different  artillery  weapon  mixes  or  “families'’  of  interest  consist  of 
various  combinations  and  numbers  of  these  weapons  as  indicated  in  the  sequel,  and  these  three  dif¬ 
ferent  mixes  will  be  con, pared  by  evaluating  them  against  tiie  same  target  complex.  The  total  artillery 
force  is  to  consi«t  of  nine  battalions  (Kef.  20)  which  will  contain  the  three  different  combinations  of 
the  155  rani,  the  175  mm.  and  the  203  mm  artillery  weapons  considered  here.  The  structure  of  the 
Blue  artillery  force  represented  is  known  as  a  “Division  corce  Equivalent”  (DFE)  for  which  the  direct 
support  and  the  genera!  support  artillery  units  are  treated  in  their  normal  role  in  rather  general  com¬ 
bat  operations  expected  for  a  future  conflict  in  Europe. 

The  methodology'  for  evaluation  of  these  typical  and  current  artillery  weapons  will  now  be  outlined 
and  developed  in  some  logical  detail  and  order  for  the  young  weapon  systems  analyst. 

43-3  TARGETS,  WEAPON  CHARACTERISTICS,  AND  PRELIMINARY 
BACKGROUND  DATA  FOR  THE  EVALUATION 

We  see  the  desirability  of  employing  support  type  weapons  for  extending  depth  to  the  combat  zone 
in  view  of  the  importance  of  artillery  in  causing  casualties,  e.g.,  as  Indicated  in  Table  43-1.  Thus,  and 
in  principle,  we  might  say  that  we  use  artillery  to  neutralize  the  enemy  insofar  as  possible  at  the 
longer  ranges  so  that  he  will  not  be  able  to  accomplish  hi'  mission  of  overrunning  our  Blue  position 
through  close-combat  action  W’e  intend  to  use  our  artillery  to  hit  the  enemy  and  destroy  his  will  to 
fight  long  before  he  is  able  to  engage  our  forces  in  costly,  close  combat. 

In  T  ble  43-2  we  have  listed  the  various  target  types  our  artillery  family  is  to  attack,  the  primary 
target  elements  to  be  considered,  and  the  attack  criterion  — ,  or  level  of  damage  desired  on  a  single  fir¬ 
ing  engagement  —  and  the  defeat  criterion  for  Blue's  intense  defense  in  Europe.  In  case  the  attack 
criterion  can  be  met  by  more  than  one  available  firing  unit,  then  the  unit  that  can  meet  the  attack 
criterion  at  the  lowest  cost  will  be  selected  for  the  engagement.  As  will  be  seen  in  the  sequel,  firing 
decisions  also  are  made  on  the  basis  of  the  attack  criterion  assigned  to  the  target.  The  attack  and 
defeat  criteria  are  listed  in  terms  of  the  percent  of  targets  (personnel,  armor,  trucks,  etc.)  that  must  be 
engaged  and  defeated  insofar  as  our  artillery  is  concerned.  Also  given  in  Table  43-2  arc  the  number  of 
target  acquisitions  our  friendly  target  acquisition  and  surveillance  equipment  is  able  to  acquire  in  this 
particular  study  of  artillery  effectiveness.  Note  that  there  is  a  total  of  1510  targets  acquired  during  the 
hypothesized  battle  for  some  16  different  enemy  target  types  of  artillery  interest.  Tne  number  of  target 
acquisitions  for  each  type  of  target  indicates  the  expected  frequencies  of  occurrence  for  each  of  the 
enemy  threats  and  hence  also  gives  some  idea  of  the  possible  threat  value  and  perhaps  the  priority  we 
must  consider  in  allocating  our  artillery  weapons  to  the  problem  of  neutralizing  the  total  enemy 
threat.  For  example,  the  number  of  enemy  troops  in  the  final  assault  phase  and  those  prior  to  the 
assault  add  to  367  targets,  or  nearly  one-fourth  of  the  total  number  of  targets  to  be  attacked.  Also,  for 
example,  we  see  that  about  a  fifth  of  the  targets  acquired  is  armor  in  the  attack,  which  may  pose  a 
serious  threat. 

Some  of  the  prominent  or  more  important  characteristics  of  the  155  mm,  and  the  175  mm,  and  the 
203  mm  artillery  weapons  the  analyst  will  need  to  consider  in  his  evaluation  are  listed  in  Table  43-3. 
Obviously  the  range  of  the  artillery  piece  is  important,  for  it  might  be  necessary  in  deciding  whether  a 
given  weapon  can  be  considered  as  having  the  capability  of  engaging  a  target.  Speed  of  the  weapon, 
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TABLE  43-2 

TARGET  TYPES,  NUMBER  OF  TARGET  ACQUISITIONS,  AND  DEFEAT  AND  ATTACK 
CRITERIA  REPRESENTED  IN  THE  COMBAT  SIMULATION  OF  24  h  OF 
BLUE  INTENSE  DEFENSE  IN  EUROPE 


Defeat  Criterion 

Attack  Criterion 

Target  Type 

Primary 

Target 

Element 

Number  of 
Target 
Acquisitions 

Percent 
of  Target 
Elements 

Percent 
of  Target 
Elements 

1  Dismounted  troops  prior  to  final 
assault 

Personnel 

239 

30 

■30/10“ 

2  Dismounted  troops  in  nnal  assault 

Personnel 

128 

30 

30/10  ■  . 

3  Dismounted  troops  in  assembly' area 
(hasty  positiot 

Personnel 

2b 

30 

30/10 

4  Dismounted  troons  in  assembly  area 
(prepared  position) 

Personnel 

28 

30 

30/10 

3  Infantry  in  prepared  defense 

Personnel 

18 

30 

30/10 

6  Service  units  (hasty  positions) 

Personnel 

*  13 

30 

30/10 

7  Service  units  (prepared  positions) 

Personnel 

18 

30 

30/10 

8  Command  posts  and  observation  posts 

Personnel 

85 

30 

30/10 

9  Dismounted  troops  in  approach  march 

Personnel 

14 

30 

30/10 

10  Artillery  units  (hasty  positions) 

Personnel 

183 

30 

30/10 

1 1  Artillery  units  (y  epared  positions; . 

Personnel 

14 

30 

30/10 

1 2  Armor  in  assembly  area 

(hasty  positions) 

Armor 

155 

20 

20/7* 

13  Armor  in  assembly  area 

(prepared  positions) 

Armor 

64 

20 

2o/ 7 

14  Armor  in  column 

Armor 

106 

20 

20/7 

15  Armor  in  attack 

Armor 

296 

20 

20/7 

16  Truck  convoy  (stopped) 

Trucks 

21 

30 

30/10 

TOTAL 

15:0 

•30/10  indicates  that  30%  decrease]  to  10%  at  ranges  beyond  10  km. 
*20/7indicates  that  20%  decreases  to  7%  at  ranges  beyond  10  km. 


cruising  range,  water-crossing  ability,  and  time  required  to  emplace  an  artillery  piece  arc  of  interest  in 
determining  the  availability  of  the  weapon  and  its  general  usage  in  a  combat  maneuver  situation. 
Note  the  relative  basic  loads  for  the  three  different  gun  tubes  and  the  amount  of  resupply  of  ammuni¬ 
tion  by  caliber.  To  be  available  for  a  mission,  a  weapon  system  must  have  sufficient  ammunition  for 
the  attack.  The  round- to- round  probable  errors  of  the  weapons  and  especially  the  aiming  errors  due 
to  uncontrollable  variations  in  trying  to  place  the  center  of  impact  of  the  guns  on  the  desired  target 
point  will  be  very  important  indeed  to  the  weapon  systems  analyst  since  these  errors  will  determine 
the  number  of  rounds  needed  to  defeat  the  various  targets.  Note,  in  particular,  that  the  aiming  errors 
for  both  range  and  deflection  are  listed  generally  as  being  at  least  twice  the  round-to-round  delivery 
errors.  The  aiming  errors,  or  mean  point  of  impact  (MPI)  errors,  demonstrate  on  the  basis  of  their 
relatively  large  sire  that  the  main  problem  —  at  least  initially  in  firing  —  is  the  inability  of  gunners  to 
place  the  (unknown)  center  of  impact  (C  of  I)  on  or  at  the  desired  farget  aim  point  whether  it  k  the 
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TABLE  43-3 

ARTILLERY  WEAPON  SYSTEM  CHARACTERISTICS 


155-mm, 

M109A1 

175-mm, 

M107 

8-in.  (203-mm), 

Ml  10 

Projet  tiles 

Ml  O'  M48.3 

M549 

M43', 

M 106  M50‘) 

Max  Range.  km 

180  18.0  . 

24.5 

32.' 

165  16.3 

Batters  Basic 

Load,  rounds 

P34 

• 

456 

630 

Rrsuppiy  per  Bat'erv 
per  Howitzer,  round 

84 

32 

32 

Man/Crew 

10 

13 

13 

Weapons/Bat'ery 

6 

4 

4 

Weapons/ Bn 

18 

12 

12 

Weight  Combat  Loaded,  tonne 

24.1 

28  2 

26.5 

Maximum  Speed,  km/h 

56 

5^ 

55 

Cruising  Range,  km 

34V 

725 

'725 

Water-Crossing 

Capability 

amphibious 

fordable 

fordable 

Time  to  Lmplace.  min 

1 

■ 

3 

2 

Probable  Error 
(PE)  in  Range,  \ 

0.33 

.  0.28 

0  30 

PE  in  Deflection.  mil 

0.60 

0.37 

0.20 

MPI  or  Aiming  Error  PE 

Range,  % 

0.74 

O’! 

0.72 

Deflection,  mil 

3.37 

362 

3.33 

Mean  Rounds  , 

Between  Failur-s  (MRBF) 

775 

100 

100 

Mean  Miles  ,  ] 

Between  Failures  iMM  3F) 

243 

580 

580 

Cost  of  weapon,  t 

195,000 

105,683 

154  324 

center  of  the  target  or  some  other  point  of  more  interest.  Moreover,  the  aiming  error  is  usually  so  large 
that  the  effectiveness  of  the  smaller  round-to-round  dispersion  cannot. “take  over”  so  to  speak  and 
bring  its  effectiveness  to  bear  in  terms  of  “precision”  fire.  Thus,  and  in  summary,  we  see  that  art  impor¬ 
tant  problem  relates  o  that  of  placing  the  C  of  I  of  the  rounds  at  the  desired  aim  point,  or  at  least  ef¬ 
fecting  an  adjustmeni  procedure  which  will  guarantee  convergence  of  the  C  of  I  onto  the  desired  aim 
point.  FM  6-40,  Field  Artillery  Cannon  Gunnery  (Ref.  7)  describes  in  some  detail  the  recommended  stan¬ 
dard  procedure  for  adjusting  the  C  of  I  of  the  rounds  to  the  intended  aim  point  for  the  case  of  sensing 
shots  as  "over”  or  “short”,  and  “right”  or  “left”.  This,  however,  is  a  "go-no  go”  type  of  analysis  and 
adjustment,  with  some  loss  of  efficiency.  In  those  cases  where  the  fall  of  shot  can  be  sensed  on  a  quan¬ 
titative  basis  as  being  a  deviation  in  so  many  meters  beyond  or  short  of  the  target  aim  point  —  e.g.,  35 
m  over  or  short,  etc.  —  then  optimum  procedures  to  be  followed  which  will  guarantee  the  convergence 
of  the  true  unknown  C  of  I  onto  the  desired  aim  point  are  given  in  Refs.  21  and  22.  Both  of  these 
studies  point  out  tha :  a  full  correction  should  be  made  for  the  observed  deviation  of  the  first  round 
sensed,  whereas  only  half  the  deviation  for  the  second  round  should  be  corrected  for,  and  one-third  of 
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the  deviation  sensed  for  the  third  round,  one-fourth  for  ihe  fourth  round,  etc.  This  optimum  policy  to 
guarantee  lonvernence  was  also  referred  to  in  par  14-1,  Part  (Jne,  and  hence  may  be  ihe  best  wav  to 
conserve  on  rounds  fired.  Also,  the  laser  range  finder  has  resulted  in  improved  accuracy  of  fire.  The 
system  delivery  errors  listed  in  Table  43-3  are  in  broad  or  general  contextual  terms  or  values,  whereas 
more  refined  values  for  ihe  DeArmon  study  (Ref.  20)  and  the  particular  projectiles  used  are  given  in 
terms  of  the  CEP  in  Table  43-5  in  the  sequel. 

The  mean  rounds  between  failures  (MRBF)  and  the  mean  miles  between  failures  (MMBF)  for  a 
weapon  will  have  a  direct  bearing  on  weapon  availability  or  readiness.  Finally,  the  costs  of  the  com¬ 
peting  weapon  systems  are  very  relevant  in  any  cost  effectiveness  study  or  cost  and  operational  effec¬ 
tiveness  studv  and  hence  are  given  at  the  end  of  Table  43-3. 

I  he  alternative  artillery  forces  or  mixes  of  weapons  (A,  B,  and  C)  considered  in  this  evaluation  are 
listed  in  Table  43-4.  There  we  give  the  number  of  artillery  battalions  of  each  caliber  considered  for  the 
three  mixes  we  are  to  evaluate,  while  the  number  of  weapons  per  battery  (6  or  4)  and  number  of 
weapons  per  battalion  (18  or  12)  are  listed  in  Table  43-3.  In  this  study  of  the  effectiveness  of  the  three 
difleient  mixes,  the  problem  of  availability  of  weapons  to  ergage  targets  must  aiso  be  considered 
where  availability  is  defined  as  the  chance  that  a  particular  weapon  tvpe  will  be  ready  for  a  mission 
when  needed  and  called  upon  to  fire.  In  Table  43-4,  the  availability  levels  covered  are  for  100%,  75%. 
50%.  25%.  and  0%  of  the  8-in.  and  175  mm  force;  also  the  actual  numbers  cf  155  mm.  175  mm,  and 
203  mm  artillery  pieces  correspondingly  in  the  three  mixes  are  shown.  Note  that  wherever  155  mm  ar¬ 
tillery  pieces  are  employed,  they  are  used  in  both  direct  and  gereral  support  functions,  whereas  both 
the  175-mm  and  203-mm  guns  are  used  only  in  general  support  of  the  combat  divisions. 

Projectile-gun  combinations  will  result  in  different  delivery  errors  due  to  the  different  physical  and 
range  characteristics  of  the  projectiles.  The  study  of  °cf.  20  takes,  this  into  account  and  the  “relative'’ 


TABLE  43-4 

ALTERNATIVE  ARTILLERY  FORCES  CONSIDERED  IN  STUDY 


Artillery 

Force* 

Percentage  of 

B-tn.,  1 73-ram,  or 

Both  Available* 

Number  of  Weapon* 

Initially  Available 

MI09A1 

155-mm 

MHO 

8-tn. 

M107 

175-mm 

A 

100 

90 

48 

0 

5  Bn’s  of  Nl  I09AI  1 55-mm 

75 

90 

36 

0 

and 

50 

90 

24 

0 

4  Bn  s  of  Ml  108-in. 

25 

90 

12 

0 

0 

90 

0 

0 

H 

iOO 

90 

24 

24 

5  Bn’s  of  MI09AI  155-mm 

75 

.90 

18 

18 

2  Bn  s  of  M 1 10  8-in. 

50 

90 

12 

12 

and 

25 

90 

6 

6 

2  Bn's  of  M10"t  175-mm 

0 

90 

0 

0 

C 

100 

90 

0 

,  48 

5  Bn's  of  MlW.M  155-mm 

75 

90 

0 

36 

ard 

50 

90 

0 

24 

4  bn  s  of  M 107  1 7  S-rnm 

25 

90 

0 

12 

—  — „  -  — —  . . .  — _ _ — 

0 

90 

0 

0 

•In  all  case*  three  battalions  of  155-mm  are  in  direct  support,  and  the  remainder  of  the  force  is  in  general  support. 


•Considers  an  equal  number  of  weapons  are  available  to  each  E-in.  or  175-mm  battery. 
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CEP's  lor  the  three-mix  evaluation  are  given  in  Table  43-5.  We  note  in  this  connection  that  the'- Ml  10 
artillery  w.:  pon.  which  delivers  a  rather  heavy  projectile  out  to  ranges  not  exceeding  about  16.5  km 
(especially  the  M509  projectile),  shows  some  superiority  in  delivery  accuracy  over  the  other  projectiles 
and  weapons.  Thus,  on  this  basis  alone  v.e  might  expect  that  the  Ml  10  weapon  system  has  some 
potential  in  overall  effectiveness  over  the  other  weapons.  Moreover,  when  one  considers  that  the  M 1 10 
weapon  system  fires  a  203-mrn  projectile,  i.e.,  the  largest  projectile  of  all  three  weapons,  its  lethality 
would  ordinarily  be  much  higher  —  at  least  on  the  basis  of  the  relative  cube  of  the  calibers.  Thus, 
there  is  also  some  indication  of  superiority  here  in  terms  of  potential  lethality,  but  only  as  far  as  the 
caliber  is  concerned.  For  ranges  of  18  km  and  bevond,  we  note  in  particular  from  Table  43-5  that  the 
delivery  errors  of  both  the  155-mm  and  the  175-mm  weapons  deteriorate  considerably,  and  the 
analvst  might  well  expect  large  decreases  in  effectiveness  potential  here.  (The  artilleryman  has  long 
favored  the  8-in  howitzer  for  its  delivery  accuracy,  but  ballisticians  also(  have  long  realized  that 
perhaps  the  potential  of  this  artillery  piece  has  not  been  exploited  fully  due  to  its  relatively  short  range 
capabilities.) 

In  addition  to  the  delivery  accuracv  capabilities  of  the  three  artillery"  pieces,  the  next  rather  key  and 
important  parameter  in  establishing  effectiveness  against  the  targets  listed  in  Table  43-2  is  the 
lethality  or  lethal  areas  of  the  various  projectiles  considered  in  the  three  force-mix  comparisons. 
Relative  lethalitv  values  for  the  different  projectiles  against  personnel  and  materiel  targets  are  given  in 
I  able  43-6.  Actual  numerical  values  are  classified  Confidential,  and  hence  relative  lethality  values  are 


TABLE  43-5 

RELATIVE  SYSTEM  DELIVERY  ERRORS  (CEi‘V  USED.  IN  STUDY 


Wrajwn 

andC-alilier 

1 

1 

Tv  pc 

Error 

1 

j  . 

km 

j  Projectile 

!  * 

14 

16  5 

L  ,s 

24  5 

32  7 

i 

RelativeCEP  Ratios* 

M483 

Prec  ision* 

1  00* 

t.3i*». 

1.74 

2. 00 

—  , 

_ tf 

Total' 

3T3 

6.21 

7.79  . 

8  '4 

— 

— 

\IIu9.\l 

Pre*.  ision 

1.37. 

1.95 

2.47 

2  84 

_ 

_ 

1 55-nim 

Ml  07 

Total  . 

3  83 

6.37 

8.47 

9  79 

— 

— 

1 

M549 

Prrc  mon 

1.58 

2.05 

2.37 

2.53 

4  00 

— 

Total 

3  8% 

6  32  | 

7  84 

8  79 

13  84 

— 

Ml  07 

Precision 

1.84  j 

237 

2.74 

2.95 

3.74 

6.58 

175-mm 

M437 

4 

Total. 

*500 

6  84 

7  68 

8  16 

1142 

20.25 

Precision 

1.53 

2.00 

2.32 

_ 

!  — ■  ' 

_ 

Ml  06 

Ml  10 

Total 

3.70 

6  32 

7  84 

— 

— 

— 

'  t  J 

(203-mm) 

M509 

Prec  ision 

0  89 

1.37 

1.63 

— 

— 

— 

Total 

2.68 

5  26 

6  74 

— 

- 

rCEP  »  Circular  Probable  Error,  or  radius  of  circle  which  include*  50%  of  the  shots.  Therrl.niveCEP  ratio  is  the  ratio  of  the 
system  and  projec  tile  CEPto  that  of  (he  precision  CEi’  of  the  M48),  155-mm  projectile  at  8  km.  Actual  CEP's  are  Con- 
fidential  and  are  given  in  Table  3  of  IJel.  20 
•Precisio"  -- mund-to-round  ballistic  dispersion 

•Total  -  total  system  CEP  including  both  round-to-ronnd  ballistic  dispersion  and  va-iation  of  the  M  PI  or  Cofl  (aiming  error) 
"'Beyond  maximum  range  \  ‘ 
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TABLE  43-6 

RELATIVE  (RATIOS  OF)  PROJECTILE  LETHAL  AREAS  AT  A  RANGE  OF  14  km 


1 

1 

Rrlanvf  R.Htnnf  Lethal 

\rra«*B  m*  Open 

\\  *, 

We  a  port 

PrrM»nn<\c 

i 

M  .•  ’ 

and  C'-aliber 

Piojectile 

Sianding 

Prone  I 

f  nxholr 

lank 

\P<  j  I ;  ok 

Mur 

103/42  x6 

’0  8/22  3  ■ 

0  6*  2  0 

I  3(1  I  (,• 

*  -v  .  r  •  i  ’  oj  s  s ' 

MI09A1 

153-mm 

i 

I  "  ■ 

M483 

081/ 3*0 

1 

.  ■ 

-08/308 

1 

14  2/0  3 

j  10x03 

24  *  i2  2  1  o'o  3/ 

M340 

100/44  X 

!  82  2/26  o  ! 

1  30  O  3 

3x3  3  3  , 

M110 

Ml  06 

1 08/06  2 

124/40  0 

[  12  0,*3 

2  r '  i .  .3  •  ‘  i 

»  \  i  r,  h  ’  *  >i  i  > 

8-in  (203-mm) 

M509 

2012/1234 

!  I<  186/60* 

31  3/20  8 

4.3  8/20  8 

-4  3  2r  '  |  i'  " :  .i 

Mur 

1’3-mm 

M43~ 

! 

|  181/^1" 

1 30/48  4 

|  21  O'*  3 

2x3,2  0  j 

1 

\  4  H  H  H  |  *  1  i 

‘Figures  in  the  table  list  the  ratio  of  the  lethal  area  for  the  wea[x>n.  pnijn  tile  ami  condition  to  the  lrtn.il  area  ax.iino  .t  tank  m 
the  woods  for  the  M100.M  weapon 

•The  first  figure  gives  the  ratio  of  lethal  areas  for  the  target  in  the  open,  and  then  the  ratio  of  lethal  areas  lor  the  .,mir  tat  get  ... 
woods 

'Assault  3-nun  criterion 

•M  or  F  (mobility  or  firepower)  kill  for  tanks  and  APC’s.  40-min  interdiction  kill  for  trucks 


o 


listed  fjr  personnel  for  standing,  prone,  and  foxhole  conditions  of  protection.  Also,  the  m.i|t>r  materiel 
target  relative  lethality  values  are  given  for  tanks,  trucks,  and  armored  personnel  carriers  (l-eihal 
areas  instead  of  vulnerable  areas  are  appropriate  here  for  vehicles  since  projectile  explosions  nearby 
may  cause  mobility  or  firepower  damage.)  Table  43-6  provides  some  insight  into  the  relative 
toughness  of  the  different  types  of  targets  to  artillery  attack  —  as  may  be  noted.  Note  the  relative 
protection  provided  by  tanks.  APC’s,  and  foxholes  as  compared  to  that  of  trucks  or  standing  and 
prone  personnel.  We  might  also  say  that  overall  the  largest  caliber,  the  203-mm.  appears  to  be 
superior  in  lethality  against  all  of  the  various  targets,  although  cost  should  also  be  a  consideration 

Relative  costs  of  the  different  projectiles  are  listed  in  Table  43-7  and  will  be  relevant  in  terms  of  am¬ 
munition  expended  or  total  cost  to  achieve  the  levels  of  defeat  criteria  given  in  Table  43-2  Note  the 
higher  costs  of  the  VT  fuzed  rounds  and,  especially,  the  much  higher  cost  of  the  M509  projectile  for 
the  8-in.  howitzer  since  this  will  be  significant  in  a  cost-effectiveness  analysis.  Costs  wil1  also  be  a  driv¬ 
ing  factor  in  the  determination  of  which  weapon  should  attack  targets,  given  that  either  two  or  all 
three  of  the  different  artillery  pieces  could  do  the  job. 

Having  discussed  the  artilL.  y  weapons,  projectiles,  expected  delivery  errors,  lethality,  and  costs,  we 
are  now  ready  to  present  the  model  for  evaluation  which  will  be  used  in  comparing  the  three  com¬ 
peting  mixes  of  support  weapons.  Since  there  are  a  very  large  number  of  characteristic  s  to  be  con¬ 
sidered  in  the  very  extensive  computations  needed  ro  evaluate  artillery  support  weapon  families,  it 
should  be  clear  to  the  reader  that  many  detailed  computer  programs  are  needed  to  handle  this  rather 
formidable  problem.  In  fact,  this  is  precisely  what  has  been  developed  for  the  Legal  Mix  analysis 
models  (Refs.  8-15). 

43-4  DISCUSSION  OF  THE  EVALUATION  MODEL 

As  indicated  in  par.  40-4.9,  the  Legal  Mix  IV  model  is  a  one-sided,  high  resolution,  deterministic 
simulation  which  has  been  developed  in  recent  years  to  evaluate  the  effectiveness  of  artillery  type 
mixes  of  weapons  at  the  Army  and  lower  organization  levels.  The  artillery  weapons  are  employed 
against  a  set  of  time-phased  targets  which  have  been  "acquired”  by  available  target  detection  devices. 

43-9 
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TABLE  43-7 

RELATIVE  COSTS  OF  COMPLETE  ROUNDS,  COMPONENTS.  AND  TRANSPORT  ATI  ON 
AS  COMPARED  TO  COST  OF  MI07,  155-mm  PROJECTILE  W  PD  Fl'ZE" 


Caliber  i 

Project  il<*/l;uzr 

Relative  ( 'iMs 

| 

Projet  liir 

1  .  | 
,.  -  i 

lu/e 

Pr,.y 

Chamef 

lull's-  ] 

pollu¬ 
tion 

1  Point 

vnr/PJ) 

!  1  iid* 

ll  1  4 

l)h\ 

0  |il 

1.88 

Mlic/VT 

i  1.00 

0.81 

!  n(,i 

0  (II 

2.y\ 

1  44-mm 

M 549/ PI) 

I  2.98 

0  18 

1  20  ’ 

u  in 

■  4  4 

M549/VT 

2.98 

0.81 

1  20 

it  pi 

!  0" 

M484/VT 

4  91 

0.58 

0  64 

>.10 

6  22 

Mtoo/Pl) 

I.T 

(115 

1  04 

0.21 

4.10 

S-m. 

MtiM./Vr 

!  1-.7I 

0.81  '  ' 

1.0.4 

021 

3.76 

M409/M  1 

8.~4 

0.58 

MM 

.0  21 

mss 

Mtr/1‘1) 

1  44 

0  Ml 

1 . 40 

0.17  ; 

.4.31 

1  5-rnni 

M4.V/VT 

1.44 

0  92 

1  50 

4.14 

"Relative  costs  ill  the  table  ire  the  ratios  of  item  costs  to  that  of  t  fie  I4r'  min.  Mto'  | .  n  >|tc  1 1  It  \clu.tl  msts  .i :  e  giwn  in 
I  alile  4  of  Ref  2° 

“WeiKht-rf  to  account  for  ra nge. 


flic  Legal  Mix  model  is  used  to  compute  the  percentage  of  missions  lost,  the  number  of  personnel 
casualties  inflicted,  number  of  targets  defeated,  armored  vehicles  damaged,  missions  accomplished, 
accrued  units  of  military  worth  for  the  missions  accomplished,  and  the  cost  and  weight  of  ammunition 
expended  to  achieve  the  levels  of  effectiveness  desired.  The  DeArmon  study,  (Ref.  20)  primarily 
covered  here  to  illustrate  a  method  of  artillery  evaluation,  extended  the  Legal  Mix  type  of  analysis  to 
some  extent  in  order  to  determine  the  relative  operational  effectiveness  capabilities  of  artillery  forces 
—  composed  in  par*  of  the  larger  caliber  175-mm  and  203-mm  guns  —  which  were  subject  to  changes 
in  weapon  availability  due  to  dynamic  effects  of  reliability,  availability,  and  maintainability  that 
might  actually  occur  in  a  combat  operation.  Thus,  weapon  availability  was  to  be  somewhat  of  a 
primary  input  parameter  for  the  175  mm  and  203  mm  artillery  pieces  since  they  were  to  be  employed 
in  the  general  support'  role  of  the  fighting  division. 

For  a  preliminary  bird’s-eye  view  of  the  analysis,  perhaps  the  reader  may  see  that  for  each  of  the 
three  competing  families  it  is  necessary  to  determine  whether  each  weapon  is  available  and  can  under¬ 
take  fire  at  the  various  targets  which  have  been  detected,  »he  employment  of  the  best  weapon-target  ■ 
allocation  criterion,  the  number  of  rounds  and  costs  of  ammunition  to  achieve  the  level  of  defeat 
desired,  the  number  of  targets  actually  engaged,  and  casualties  inflicted  for  the  24-h  Blue  intense 
defense  of  Europe.  It  might  be  said  that  “operational  effectiveness”  here  is  measured  in  terms  of  the 
number  of  targets  effectively  engaged  and  the  target  elements  killed.  Moreover,  comparisons  made 
between  artillery  force  levels  are  based  on  measures  of  effectiveness  attributed  to  the  total  artillery 
family. 

In  the  study  of  Ref.  20,  the  indirect  fire  systems  model  which  was  used  is  an  updated  version  of  the 
Legal  Mix  IV  model  in  the  references,  and  the  primary  purpose  was  to  simulate  a  Blue  artillery  force 
versus  the  Red  target  threats  during  the  24-h  time  period,  considering  8-in.  and  175-mm  availability. 

The  model  simulates  the  firing  decision  process;  selects  the  weapon  system  to  engage  targets;  fires 
the  number  of  rounds  necessary  to  meet  the  attack  criterion;  assesses  damage  to  each  target  engaged; 
and  accumulates  ammunition  expenditures  by  type  of  weapon,  type  of  ammunition,  and  engagement 
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range.  The  Red  target  list' is  an  input.  In  this  list,  targets  are  identified  by  type,  size,  location,  en¬ 
vironment.  arri\al  time,  departure  time,  and  Blue  echelon  (direct  or  general  support)  that  acquires 
the  tai  l'd  The  type.  si/e.  location,  and  environment  of  predicted  targets  may  be  somewhat  different 
from  ac  tual  targets.  1  Versions  on  whether  or  not  to  fire,  what  to  fire,  howmuch  to  fire,  etc.,  are  based 
on  predicted  targets;  damage  assessments  are  based  on  the  examination  of  actual  targets.  The  fire 
mission  is  assigned  to  the  same  echelon  (direct  or  general  support)  as  that  of  the  acquiring  unit.  If,  in 
that  echelon,  lire  units  are  overloaded,  the  fire  mission  can  be  passed  on  to  another  echelon. 

As  prev  iously  indicated,  firing  dec  isions  are  made  on  the  basis  of  the  attack  criterion  assigned  to  the 
target.  If  the  attack  criterion  can  oe  met  by  more  than  one  available  fire  unit,  the  unit  that  can  meet 
the  attack  criterion  at  lowest  cost  is  always  selected  to  make  the  engagement.  However,  before  fire 
units  can  be  used  against  a  target,  the  firing  time  and  supply  of  ammunition  needed  to  complete  the 
mission  must  be  available.  The  mission  cannot  be  fired  if  the  required  ammunition  is  not  available  or 
if  the  expected  firing  time  exceeds  the  time  that  the  target  will  be  in  range.  In  the  case  of  direct  sup¬ 
port  units,  a  fire  unit  will  be  selected  if  its  tuLe-to-target  range  is  less  than  that  of  other  direct  support 
units  and  the  target  is  a  direct  support  acquisition.  In  the  case  of  general  support  units,  a  fire  unit  will 
be  selected  if  it  can  meet  the  attack  criterion  at  a  lower  cost  than  other  general  support  fire  units 
regardless  of  the  tube-to-target  range,  Within  the  fire  unit,  the  most  cost-effective  round  is  selected  for 
use.  Mass  fire  (engaging  a  single  target  with  more  than  one  fire  unit,  simultaneously)  occurs  if 
available  independent  fire  units  cannot  meet  the  attack  criterion. 

The  defeat  criterion,  which  usually  exceeds  the  attack  criterion,  is  assigned  to  each  target.  If,  as  a 
result  of  one  or  more  engagements,  the  target  damage  equals  or  exceeds  the  defeat  criterion,  the  target 
obviously  is  withdrawn  and  cannot  be  reacquired 

The  model  output  provides  the  following: 

1.  Number  of  targets  engaged;  number  of  targets  defeated;  number  of  personnel,  tanks,  APC’s, 
and  trucks  killed;  ammunition  expenditures  (by  rounds);  and  ammunition  expenditure  costs. 

2.  The  characteristics  of  each  fire  mission.  This  includes  the  acquisition  time,  the  range,  the 
weapons  fired,  the  kinds  and  amounts  of  ammunition  fired,  the  number  of  target  elements  killed,  and 
the  number  of  elements  in  the  target  area. 

The  main  effectiveness  measures  for  the  Blue  artillery  force  were  taken  to  be: 

1.  T!.e  number  of  targets  engaged 

2.  I’he  number  of  persont.el  and  materiel  target  elements  killed. 

The  cost  measures  for  the  Blue  artiiierv  force  were: 

1.  The  number  of  rounds  of  ammunition  expended 

2.  Ammunition  dollar  cost. 

43-5  RESULTS  OF  THE  LEGAL  MIX  IV  SIMULATION 

As  a  result  of  the  Legal  Mix  IV  simulation  for  comparing  the  three  different  artillery  weapon 
systems  or  families,  Ref.  20  lists  the  key  findings  in  its  Tables  6  and  7,  which  are  classified  Confiden¬ 
tial.  'I'able  6  of  Ref.  20  gives,  for  each  of  the  three  mixes,  the  number  of  targets  actually  engaged,  the 
number  of  rounds  by  type  expended,  and  the  ammunition  expenditure  cost  b>  alternative  Blue  ar¬ 
tillery  forces  during  the  simulated  combat  day  of  24  h  of  Blue’s  intense  defense  of  Europe.  Table  7  of 
Ref.  20  gives  the  relative  effectiveness  figures  and  relative  costs  by  each  Blue  artillery  force  for  the 
same  combat  day.  The  key  results  on  an  unclassified  basis  are  brought  together  for  our  purposes  in 
Table  43-8.  The  relative  number  of  rounds  expended  for  each  caliber  may  be  used  in  conjunction  with 
the  ammunition  costs  to  indicate  relative  total  costs  for  the  firing  missions.  For  Table  43-8,  we  found 


TABLE  43-8 

RELATIVE  NUMBER  OF  TARGETS  ENGAGED  AND  RELATIVE  NUMBER  OF  ROUNDS 
EXPENDED  BY  PERCENTAGE  OF  8-in.  AND/OR  175-mm  WEAPONS  AVAILABLE  TO 
THE  ALTERNATIVE  BLUE  ARTILLERY  FORCE0 
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it  more  informative  to  deterfnine  the  relative  number  of  targets  engaged  in  terms  of  the  base  which  is 
the  actual  number  of  targets  engaged  for  the  case  of  zero  availability  of  the  8-in.  and  1  o-mm  weapons 
since  such  numbers  stay  constant  regardless  of  the  three  different  mixes.  In  addition,  for  the  relative 
number  of  rounds  fired,  these  have  been  calculated  with  respect  to  the  155-mm  weapon  as  a  base, 
where  the  availability  of  the  8-in.  and  175-mm  weapons  was  zero.  Again,  when  none  of  the  larger 
caliber  weapons  are  involved  or  available,  each  of  the  three  families  has  exactly  the  same  1 55-mm 
weapons.  This  has  been  done  because  we  then  have  a  constant  and  unified  base  of  comparison,  which 
would  not  be  the  case  for  100%  availability  of  the  8-in.  and  175-mm  weapons  as  was  done  in  Ref.  20. 

Based  on  Tables  6  and  7  of  Ref.  20,  and  Table  43-8,  DeArmon  —  on  the  basis  of  the  calculations  of 
the  measures  of  effectiveness  —  arrived  at  the  following  findings: 

“On  the  basis  of  the  total  number  of  targets  engaged,  the  I55-mm/8-in.  mix  is  best,  the  I55-mm/8- 
in./  175-mm  is  second  best,  and  the  155-mm/  175-mm  mix  is  worst.  However,  the  maximum  dif¬ 
ference  among  alternative  forces  is  only  about  4%.  The  number  of  personnel  targets  engaged  by  the 
three  alternative  forces  are  essentially  equal.  The  numbers  of  materiel  targets  engaged  by  the  1 55- 
mm  /8-in.  mix  exceed  those  engaged  by  the  155-mm/8-in. /175-mm  mix  by  5%.  and  those  engaged  by 
the  l55-mm/175-mm  mix  by  13%.  At  short  ranges  (0-10  km),  the  155-mm,/8-in.  mix  engages  14% 
more  materiel  targets  than  the  155-mm/175-mm  mix.  At  long  range  ( >20  km),  the  155-mm/8- 
in./ 175-mm  and  155-mm/  175-mm  mixes  engage  more  materiel  targets  than  the  155-mm/8-in.  mix, 
by  14%  and  43%,  respectively. 

“The  155-mm/8-in.  mix  is  the  most  costly,  and  the  1 55-mm/  175-mm  mix  is  the  least  costly.  The 
maximum  difference  in  costs  among  the  three  alternatives,  however,  is  only  about  4%.” 

As  shown  by  the  data  in  Table  43-8,  as  the  availability  of  large  caliber  8-in.  and/or  175-mm 
weapons  is  reduced,  there  is  considerable  variability  in  number  of  targets  engaged  from  range  to 
range.  As  the  weapon  availability  decreases,  the  decrease  in  number  of  personnel  targets  engaged  is 
less  than  the  corresponding  decrease  in  the  number  of  engagements  of  materiel  targets. 

For  all  alternative  mixes,  the  relative  proportional  decrease  in  effectiveness  is  small  compared  to 
the  proportional  decrease  in  availability  of  the  larger  caliber  weapons. 

The  data  in  Table  43-8  show  tha:  for  each  alternative  mix,  as  the  availability  of  large  caliber 
weapons  is  reduced,  the  ammunition  expenditure  of  the  155  mm  is  increased. 

Concerning  the  cost  information  involved,  DeArmon  indicates  the  data  show  that  for  the  reduction 
of  each  8-in.  weapon  in  the  155-rnm/8-in.  mix,  the  8-in.  ammunition  expenditure  is  decreased  (on  the 
average)  by  1 10  rounds  and  the  155-mm  ammunition  is  increased  by  190  rounds.  For  the  reduction  of 
each  large  caliber  weapon  in  the  155-mm/8-in./175-mm  mix,  the  8-in.  expenditure  and  175-mm  ex¬ 
penditure  arc  reduced  by  160  rounds  and  111  rounds,  respectively,  while  the  155-mm  expenditure  is 
increased  by  190  rounds.  For  the  reduction  in  force  of  each  175-mm  weapon  in  the  155-mm/  175-mm 
mix,  the  175-mm  expenditure  is  reduced  by  130  rounds  and  the  155-rnm  expenditure  is  increased  by 
about  60  rounds. 

43-6  CONCLUSIONS 

On  the  basis  of  this  operational  effectiveness  involving  larger  caliber  weapon  availability,  DeArmon 
indicates  that  the  155-mm/8-in.  mix  is  regarded  best,  the  155-mm/8-in./ 175-mm  mix  is  second  best, 
and  the  155-mm/ 175-mm  is  the  poorest.  However,  the  numbers  of  personnel  targets  engaged  by  alter¬ 
native  forces  were  essentially  equal.  The  155-mm/8-in.  mix  engaged  more  materiel  targets  at  short 
range  (frlO  km)  than  the  155-mm/175-mm  mix;  but  at  long  range  (>20km),  the  155-mm/175-mm 
mix  engaged  more  materiel  targets  than  the  155-mm/8-in.  mix,  due  to  its  extended  range. 
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Cn  the  basis  of  ammunition  expenditure  cost,  however,  the  !55-mm/8-in.  mix  is  most  costly  and 
the  155-mm/175-mm  mix  is  least  costly. 

In  all  alternative  force  mixes,  the  effectiveness  decreased  as  the  number  of  available  weapons 
decreased,  but  the  proportional  decrease  in  relative  effectiveness  is  small  in  comparison  to  the  corres¬ 
ponding  proportional  decrease  in  the  number  of  larger  caliber  weapons. 

43-7  COMMENTS  ON  THE  ARTILLERY  EVALUATION  STUDY 

In  this  particular  support  weapon  evaluation  study,  we  have  outlined  one  of  the  prime  current 
methods  for  comparing  the  worth  of  artillery  type  families  of  weapons.  It  is  seen  in  this  connection 
that  the  most  effective  family  is  not  the  one  of  least  cost,  and  this  is  not  always  to  be  expected  anyway 
We  note  here  that  the  difference  in  costs,  however,  is  only  about  4%,  so  that  the  155-mm/8-in.  mix 
seems  well  worth  the  extra  cost.  A  point  of  some  interest  is  that  even  though  the  8-in.  (203-mm) 
weapon  has  only  about  one-half  the  maximum  range  of  the  175-mm  gun,  the  3-in.  weapon  still 
showed  up  in  the  most  effective  famiiy.  Some  artillerymen  might  well  question  this  occurrence,  but  it, 
may  be  that  the  175-mm  gun  has  inordinately  high  delivery  errors  at  the  extended  ranges  and  the 
greater  lethality  of  the  8-in.  weapon  also  came  into  play  insofar  as  the  chosen  measures  ol  effectiveness 
were  concerhed. 

We  see  that  operational  effectiveness  may  be  significantly  dependent  on  weapon  availability,  and 
indeed  this  places  a  much  increased  burden  on  the  firing  of  the  155-mm  weapons. 

Finally,  it  should  be  noted  fhat  the  evaluation  of  artillery  support  weapons,  at  least  in  a  way,  is  not 
as  direct  as  that  of  either  the  infantry  or  tank  type  combat  evaluations.  Indeed,  we  see  that  in  the  case 
of  comparing  families  of  artillery  weapons  there  are  several  (competing)  measures  of  effectiveness,  and 
really  not  one  stands  above  the  others,  in  all  respects.  For  example,  it  is  very  important  to  have  a 
family  of  support  weapons  which  will  be  able  to  engage  as  many  targets  as  possible,  for  that  means 
more  casualties  and  more  effectiveness  On,  the  other  hand,  it  must  be  conceded  that  cost  is  also  a 
primary  consideration,  but  perhaps  relatively  small  cost  differences  should  not  be  the  governing  fac¬ 
tor.  In  any  event,  the  game  here  is  to  select  the  family  which  is  superior  in  overall  effectiveness,  while 
at  the  same  time  ensuring  that  its  cost  is  not  inordinately  high. 

43-8  SUMMARY 

We  have  presented  the  current  method  of  evaluation  for  artillery  or  support  type  weapon  families. 
The  suggested  procedure  is  necessarily  different  from  that  of  evaluating  infantry  and  tank  weapons  in 
close  combat  since  the  artillery  weapons  can  attack  a  large  variety  of  enemy  targets  of  rather  large  size 
at  almost  any  range  at  which  such  threats  might  appear  on  the  battlefield.  In  addition,  but  not 
evaluated  here,  is  the  future  capability  of  artillery  even  to  attack  enemy  tanks  at  very  remote  ranges 
before  they  become  threats  in  close  combat. 

There  are  several  important  and  different  types  of  measures  of  effectiveness  for  evaluating  support 
weapons,  and  the  decision  maker  must  necessarily  consider  these  on  a  joint  basis  —  at  least  to  some 
degree. 
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CHAPTER  44 

THE  MODERN  GUN  EFFECTIVENESS  MODEL  (MGEM)  FOR 
EVALUATING  AIR  DEFENSE  GUNS 

The  problem  of  evaluating  the  effectiveness  tur  defense  guns  fa  th»  field  aim  is  discussed  in  this  chapter.  The 
technique  use//  if  known  ac  the  Modern  dun  Eft, eliteness  \l  i-h!  \l( .li  1/  ■  huh  is  a  < om f  alter  i y<!  simulation-  uj  the 
terminal  engagement  between  gun  pro/celiles  amt  the  aerial  ta/gets.  An  important  anti  ren  u>elul  consideration 
concirmng  the  application  "/  the  MflEM  is  that  exhihi re  ami  success lui  stmu.alion  efforts  hart  been  made' to  validate 
the  model,  which  gift's  much  conhdttice  in  tin  ac,unw\  ana'  appin  tdahtx  »/  it. 

An  example  is  given  tn  illustrate  sum,  at  the  tsp>,  ai  <  omputahons  of  hit  ami  kill  probabilities,  as  a  ell  as  the  expect¬ 
ed  number  of  murids  fired  in  an  engagement. 

44-0  LIST  OF  SYMBOLS 

“AM  —  a  kill  of  the  aircraft  which  results  in  loss  of  manned  control  in  5  min 
Ap  =  presented  area 
d,  -  vulnerable  area 
ag,  =  azimuth  at  time  / 
ag,  + 1  =  azimuth  at  time  /  +  1 

tai  ~  random  deviate  from  ,\  (0,<tu,) 
i,t  =  random  deviate  for  \  (O.a, 4) 
el,  -  elevation  at  time  t 
el,  - 1  *  elevation  at  time  /  +  ] 

er  ~  random  deviate  from  a  normal  distribution  A  with  zero  mean  and  standard 
devia.ion  a, 

“K”  =  a  quick,  30-s  kill 

,V(0,(t)  =  normal  distribution  with  zero  mean  and  indicated  a 
P  =  total  kill  chance 
/>  (X  |  A )  -  probability  of  a  kill,  given  a  hit 
p„k  =  single-shot  kill  probability 
R  =  ballistic  range 
r  =  range 
r,  -  range  at  time  i 
r,  + ,  =  range  at  time  t  +■  1 
,  t  =  time 
tf  =  time-of-flight 
vm  m  muzzle  velocity 

d  *  drag-related  constant  for  a  gun  projectile 
a  =  delivery  standard  error 
a  -  ballistic  dispersion 
o',,,  =*  standard  error  in  azimuth 
a,-i  =  standard  error  in  elevation 
Or  =  standard  error  in  range 
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ax  =  round-to-round  delivery-  standard  error  (one  direction) 

<ju  =  one-directional  aiming  error  sigma 

44-1  INTRODUCTION 

Like  the  evaluation  of  close  combat  for  infantry  (Chapter  41)  and  tanks  (Chapter  42)  and  the 
evaluation  of  ihe  role  of  artillery  (Chapter  43),  the  Held  of  Army  air  defense  represents  a  rather  large 
area  of  application  for  the  weapon  systems  analyst.  It  can  be  said  that  the  problem  of  modeling 
ground  combat  is  indeed  very  complex,  and  that  many  of  the  important  parameters  or  boundary  con¬ 
ditions,  for  example  that  of  the  terrain,  contribute  greatly  to  the  complexity  ot  any  competent 
analysis.  In  contrast,  it  would  seem  that  the  analysis  of  air  defense  weapons  against  aerial  targets 
might  be  somewhat  simpler,  at  least  in  some  respects.  Thus,  and  in  principle,  we  might  expect  that 
one  merely  needs  to  deal  with  the  chances  of  at  least  one  hit  against  typical  aerial  targets,  and  include 
the  vulnerability  of  the  target  or  the  conditional  chance  that  a  hit  is  a  kill  in  the  analysis.  Nevertheless, 
we  must  appreciate  chat  somewhat  different  or  special  evaluation  models  are  required  in  air  defense 
studies,  as  r.dght  be  expected  Indeed,  for  air  defense  evaluation  problems,  we  are  dealing  With 
relatively  high-speed  targets;  accordingly,  the  terminal  engagement  gebmetry  between  the  warhead  or 
projectile  and  the  aircraft  or  aerial  target  becomes  of  critical  importance.  In  addition,  aerial  targets 
can  fly  paths  to  avoid  being  seen,  detected,  or  acquired;  also  they  may  adopt  evasive  tactics  to  reduce, 
as  much  as  possible,  the  chance  of  being  bit  once  under  acquisition  and  attack.  It  is  also  true  that  the 
problem  of  directing  guns  along  the  predicted  flight  paths  of  enemy  aerial  targets  will  very  likely  in¬ 
volve  autocorrelation  analyses  of  one  kind  or  another  (See  Chapter  20  for  an  introduction  to  such 
methodology.) 

In  view'  of  the  analytical  complexity  concerning  the  terminal  conditions  of  a  warhead  or  projectile 
approaching  a  high-speed  aerial  target,  it  would  seem  that  Monte  Carlo  type  simulations  would  lie 
very  valuable  in  estimating  kill  probabilities  of  air  defense  weapons  against  aircraft  or  other  aerial 
targets,  and  indeed  this  approach  often  turns  out  to  be  a  necessary  mode  of  analysis.  One  does  have  to 
to  be  rather  confident  that  he  can  simulate  accurately  the  warhead  delivery  errors  and  the  fuzing 
errors  of  the  air  defense  system  under  evaluation,  as  well  as  any  possible  evasive  tactics  the  aerial 
target  might  take  during  the  encounter.  Furthermore,  the  conditional  chance  that  a  hit  is  a  kill 
against  the  aerial  target  must  be  determined  accurately  from  aerial  target  vulnerability  analyses  for 
the  warheads  involved. 

In  the  case  of  guided  missiles  with  rather  large  warheads,  for  example  the  HAWK  missile  system, 
Monte  Carlo  simulations  of  engagements  to  produce  effectiveness  data  have  worked  out  very  well  in¬ 
deed.  Also,  once  the  guidance  and  fuzing  errors  are  determined  or  estimated  with  sufficient  accuracy, 
an  analytical  procedure  for  evaluating  blast-fragmentation  warheads  in  air  defense  can  be  used  to  es¬ 
timate  kill  chances.  (See  for  example,  the  work  of  Banash,  Ref.  I.) 

We  cannot  expect  to  cover  the  many  ramifications  of  the  vast  field  of  air  defense  evaluation  tech¬ 
niques  for  the  Army  here,  but  our  intention  is  to  give  some  of  the  present  methodology  for  evaluating 
the  effectiveness  of  air  defense  guns  of  calibers  from  about  30  mm  to  40  mm  to  satisfy  the  Army  need 
for  its  relatively  short-range  weapons  against  aerial  targets.  In  fact,  a  quote  from  a  Wall  Stm-t  Jmnmil 
article  of  Wednesday,  30  November  1977,  is  of  interest  and  provides  pertinent  background  at  this 
point: 

“WASHINGTON — The  Army  selected  General  Dynamics  Corp.  and  Ford  Aerospace  &  Com¬ 
munications  Corp.,  a  unit  of  Ford  Motor  Co.,  to  develop  a  new  short-range  air  defense  gun  for  use  in 
the  1980s. 
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“Selection  of  the  two  companies  means  thev  also  will  compete  for  a  production  contract  that's  ex¬ 
pected  to  exceed  SI  biilion.  It  was  as  much  a  victory  for  Pentagon  planners  who  want  I  S  services  to 
build  weapons  that  are  compatible  with  those  used  by  North  Atlantic  Treaty  Organization  allies,  as  it 
was  for  the  two  companies. 

"General  Dynamics  plans  to  build  its  system  around  a  35  mm  Swiss  Oerlikon  gun.  built  here  under 
license,  which  is  widely  used  by  both  the  West  Germans  2nd  the  Dutch.  Ford  will  use  a  Swedish  40 
mrn  Bofors  gun,  also  widely  deployed  in  Europe. 

"The  two  companies  were  selected  to  begin  full-scale  engineering  development  of  the  new  radar- 
directed  gun  called  D1VAD,  for  division  air  defense  gun,  over  General  Electric  Co..  Sperry  Rand 
Corp.  and  Raytheon  Co.  One  of  the  factors  in  the  selection  was  the  winners'  incorporation  of  Euro-, 
pean  guns  into  their  proposals,  according  to  Percy  A.  Pierre,  Assistant  Secretary  of  the  Army  for 
research,  development  and  acquisition. 

"NATO  members  frequently  develop  and  build  weapons  that  aren't  compatible  with  similar 
weaftons  built  by  other  allies.  To  increase  the  effectiveness  of  NATO  forces,  the  Pentagon  is  telling 
contractors  that  they  can  increase  their  chances  of  winning  business  if  they  design  weapons  that  are 
compatible  with  European  systems. 

“The  Army  plans  to  purchase  about  430  of  the  new  guns  from  U.S.  manufacturers.  It  also  plans  to 
purchase  171  West  German  air  defense  guns,  called  the  Gepard.  for  about  $900  million  for  quick 
deployment  to  U.S.  forces  in  Europe.  ‘The  advantage  of  the  Gepard  is  you  tan  get  them  right  off  the 
production  line,’  Mr.  Pierre  said,  while  it  will  be  five  or  six  years  before  the  more  advanced — and 
cheaper — U.S.  system  can  be  deployed.  The  Gepard  system  uses  the  same  Swiss  gun  included  in  the 
General  Dynamics  proposal.  'Die  purchase  of  the  Gepard  is  still  subject  to  approval  by  Defense 
Secretary  Harold  Brown. 

"Both  the  Gepard  and  the  new  DIVAD  gun  are  designed  to  improve  the  Army’s  abili’y  to  shoot 
down  enemy  aircraft  at  ranges  up  to  about  three  miles.  The  DIVAD  will  be  an  all-weather,  radar- 
directed  gun  system  in  an  armored  turret  mounted  on  an  M48  tank  chassis.  The  guns  will  be  used  to 
protect  combat  forces  based  near  battle  lines. 

“The  Army  hasn’t  awarded  contracts  to  General  Dynamics  or  Ford  Aerospace  yet.  It  plans  to  begin 
contract  negotiations  soon,  leading  to  agreements  with  the  companies  to  develop  and  build  two 
prototypes  of  their  guns  over  the  next  29  months.  After  testing  the  models  and  comparing  their  cost, 
the  Army  will  select  one  of  the  companies  to  produce  the  gun  system.” 

44-2  BACKGROUND  FOR  THE  MODERN  GUN  EFFECTIVENESS  MODEL 
(MGEM) 

The  main  technique  for  evaluating  air  defense  guns  to  be  presented  here  is  known  as  Modern  Gun 
Effectiveness  Model,  or  “MGEM”,  and  is  based  primarily  on  a  digital  simulation  to  compart  the 
various  candidate  or  competing  weapons  of  calibers  from  about  30  to  40  mm.  To  give  some  limited 
background  information,  the  current  Army  air  defense  gun  system  is  the  VULCAN  Gun,  which  is  a 
20  mm  six-barrel  Gatling  type  weapon,  which  has  been  procured  as  an  interim  system  during  the 
1960’s.  However,  the  VULCAN  system  evaluation  studies  led  to  the  conclusion  that  some  improve¬ 
ment  in  range  capability  and  weapon  delivery  accuracy  was  highly  desirable,  and  this  led  to  a  product 
improvement  program.  In  fact,  a  study  called  the  GADES,  or  Gun  Air  Defense  Effectiveness  Study, 
was  initiated  to  develop  the  appropriate  methodologies  to  compare  future  candidate  air  defense  guns 
through  simulation  techniques.  The  GADES  study  indicated  that  effectiveness  seemed  to  depend 
rather  critically  on  the  accuracy  of  the  tracking  and  fire-control  loop,  and indeed  this  very  finding  was 
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arrived  at  independently  by  the  Johns  Hopkins  University  Applied  Physics  Laboratory.  Meredith  and 
Scheder  (Ref.  2;  give  a  more  informative  account  A  the  background  which  we  have  paraphrased 
somewhat  here- 


“The  GADES  study  brought  to  light  the  fact  that  the  modern  digital  control  processor  could  and 
should  be  used  in  air  defense  gun  systems.  This  concept  was  tested  oy  the  Gun  Low  Altitude  Air 
Defense  (GLAAD)  svudv,  when  a  twin-barrei  25  mm  test  bed  was  built  for  the  Arm'-  with  a  digital 
computer  fire  control.  The  computer  was  programmed  using  modern  optimum  control  techniques 
(Kaiman  filter)  for  target  state  estimation  and  second-order  target  prediction.  During  the  GLAAD 
project,  digital  simulations  were  built  which  emulated  both  the  gun  system  hardware  and  its  fire  con¬ 
trol  concepts  software.  The  results  of  the  GLAAD  testing  demonstrated  that  modern  fire  control 
could  significantly  enhance  gun  air  defense  systems,  especially  against  maneuvering  targets,  and  that, 
digital  simulation  techniques  could  accurately  predict  gun  system  performance. 

'  A  cuirent  objective  of  the  ARGADS  (Army  Cun  Air  Defense  System)  Project  Manager  is  to  field 
a  new  air  defense  gun  which  utilizes  modern  technology.  Other  studies  indicate  a  need  for  an  air 
defense  gun  in  the  30  to  40  mm  caliber  range.  A  number  of  companies  expressed  an  interest  in  supply¬ 
ing  the  Army  with  a  gun  system  and  have  offered  preliminary  designs  and  potential  capabilities.  To 
help  the  Project  Manager  sort  out  and  evaluate  such  proposals,  the  Army  Materiel  Systems  Analysis 
Activity  (AMSAA)  was  requested  to  conduct  a  preliminary  study  using  simulation  techniques 
developed  and  validated  by  the  GADES  and  GLAAD  studies.  Related  studies  were  concurrently  con¬ 
ducted  by  Frankford  Arsenal,  the  Ballistic  Kesearch  Laboratory,  Harry  Diamond  Laboratories, 
along  with  studies  within  the  Project  Manager’s  Office. 

“The  method  of  analysis  used  in  this  study  was  to  examine  the  various  gun  candidates  through  a 
digital  simulation  of  a  one-on-one  engagement.  The  simulation  used  was  the  Modern  Gun  Effec¬ 
tiveness  Model  (MGEM)  developed  precisely  for  this  type  of  study.  MGEM  is  a  digital  Monte  Carlo 
simulation  which  contains  submodules  for  the  target  flight  path,  the  gun  system’s  sensor/tracker,  fire 
control  and  doctrine,  predictor  and  gun  servo,  th?  projectile’s  ballistics  and  lethality,  and  the  target’s 


vulnerability.  A  single  engagement  assumed  no  terrain  effects  and  long  range  detection  and  identifica¬ 
tion.  It  consists  of  burst  fire  at  the  target,  commencing  ar  a  prespegii.ed  projectile-target  intercept 
range  and  continuing  intermittently  until  either  the  target  is  “killed"  dr  recedes  out  of  range. 

“For  this  study,  two  aspects  of  realism  not  usually  considered  in  one-on-one  investigations  have 
been  interjected.  One  is  the  inclusion  of  gun  barrel  cool  times  in  the  fire  doctrine.  Each  gun  system 
had  a  cooling  period  associated  with  a  bunt  size  which  should  not  be  exceeded  for  normal  ba  rrel 
wear.  Two  firing  doctrines  were  used  in  the  study— a  shoot-shoot  when  only  cne-second  intervals 
were  programmed  between  bursts  and  a  shoot-look-shoot  doctrine  when  a  projectile  time  of  flight  plus 
a  one-second  wait  was  required  between  bursts.  In  both  cases,  however,  the  cool  time  crite-ion 
overrides  the  preprogrammed  time  between  burst  intervals. 

“The  second  aspect  of  simulating  realism  was  the  use  of  several  maneuvering  flight  paths  and  many 
gun  locations  against  each  flight  path.  All  ol  today’s  fielded  air  defense  gun  systems  have  linear 
prediction  fire  control  which  are  effective  only  against  nonmaneuvering  targets,  and  presumably 
should  be  studied  and  tested  against  nonmaneuvering  targets.  This  lends  itself  to  neat  tables  such  as 
effectiveness  versus  range  versus  offset.  The  new  gun  should  be  able  to  achieve  a  respectable  elfec-' 
tiveness  against  maneuvering  targets.  Some  method  had  to  be  devised  to  compare  gun  candidates  in 
an  unstructured  array  or  situation  without  showing  favoritism  to  a  particular  characteristic.  We 
decided  to  use  five  fixed-wing  flight  paths  (straight,  jinking,  pop-up  and  dive,  constant  ‘G’  turn, 
turning  flyby)  and  one  single  rotary-wing  path.  Each  path  contains  regions  where  guns  do  well  ind 
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regions  where  they  do  poorly.  Past  studies  have  encountered  situations  when  one  gun  appears 
superior  primarily  because  it  happened  to  shoot  at  the  right  time — a  matter  of  luck  and  geometry.  To 
alleviate  this  phenomenon  in  this  study,  the  gun  site  was  randomly  situated  for  each  Monte  Carlo 
trial  against  each  flight  path.  Thus,  the  effectiveness  of  a  given  gun  system  candidate  is  the  engage¬ 
ment  hit  or  kill  probability  against  a  target  flying  a  particular  type  of  flight  path  and  integrated  over 
many  gun  locations  relatwe  to  the  flight  path.  The  effect  of  this  procedure  is  to  force  the  guns  to  fire  at 
many  points  along  the  flight  path,  resulting  in  a  value  representative  of  expected  overall  effectiveness. 

“The  characteristics  of  the  gun  systems  that  are  considered  in  this  study  are  the  caliber,  ballistic 
dispersion,  muzzle  velocity  variations,  ballistic  trajectory,  rate  of  fire,  projectile  lethality  and  cool 
times.  Each  system  was  assumed  to  possess  an  identical,  state-of-the-art  sensor/tracker,  digital  com¬ 
puter,  fire  control  (target  state  estimator  and  predictor),  and  gun  se/ vomechanism,  since  the  charac¬ 
teristics  of  these  modules  cannot  be  ascertained  until  industrial  proposals  have  been  submitted.  For 
each  gun  system  considered,  the  latest  available  information  was  used  to  describe  the  system.  This  in¬ 
formation  was  obtained  from  both  industrial  and  government  sources,  compiled  and  selected  by  the 
Project  Manager’s  Office,  and  submitted  to  AMSAA  for  use  in  this  study.  These  data  were  used,  but 
parameters  had  to  be  determined  and  frozen  before  the  study  could  begin.  Guns  and  bullets  which 
have  yet  to  be  designed  are  inherently  ill-defined,  so  the  only  recourse  is  to  obtain  the  best  possible  es¬ 
timates  at  the  time  of  need. 

“Since  the  object  of  this  study  is  to  compare  gun  systems,  a  comparison  of  each  in  its  own  best  light 
is  desirable.  But  the  optimum  burst  sizes  and  firing  doctrine  for  the  gun  candidates  are  unknown. 
One  criticism  of  performing  this  study  at  the  time  was  that  the  firing  doctrine  is  a  key  gun  system 
characteristic,  and  until  such  doctrine  is  recommended  by  the  system’s  manufacturer,  no  impartial 
comparison  can  be  made.  In  an  attempt  to  overcome  this  very  valid  objection,  a  matrix  of  strategies 
was  conducted ^-two  tiring  doctrines  (shoot-shoot  and  shoot -look-shoot  and  three  burst  lengths — for  a 
total  of  six  situations  for  each  gun  against  each  flight  path.  Obviously,  we  were  quickly  overwhelmed 
by  an  avalanche  of  output.  So,  to  select  the  optimum  strategy  for  each  gun  system,  the  hit  or  kill 
probabilities  from  the  five  flight  paths  were  averaged  with  equal  weight.  Tfie  justification  for  this  is 
the  assumption  that  a  gun  system  in  the  field  is  equally  likely  to  encounter  each  type  of  flight  path.  Of 
course,  this  assumption  may  be  false,  but  there  are  little  data  to  the  contrary,  and  it  would  probably 
be  unwise  to  optimize  a  gun  system  against  only  a  particular  type  of  flight  path. 

“Two  types  of  optimization  were  achieved.  One  was  based  upon  maximum  effectiveness  while  the 
ether  was  for  least  cost  per  unit  of  effectiveness.  We  were  able  to  perform  the  latter  because  we  were 
furnished  gun  and  ammunition  Costs  by  the  Project  Manager’s  Office.  One  other  figure  of  merit  for 
the  gun  system  ...  is  the  number  of  kills  per  stowed  load  using  optimum  strategy.” 


44-3  GUN  SYSTEM  AND  AMMUNITION  CHARACTERISTICS,  AND  TARGET 
VULNERABILITY  DATA 

Certain  performance  characteristics  of  the  typical  gun  systems  which  may  be  considered  for  the  role 
of  low  altitude  air  defense  for  the  US  Army  are  given  in  Table  44-1.  The  gun  systems  listed  may  be 
the  proposed  candidates  for  the  DIVAD  requirement.  Note  in  particular  that  the  round-to-round 
ballistic  dispersion  of  the  different  weapons  is  rather  unpredictable  as  a  function  of  caliber  and  that 
the  Catling  Gun  30G  has  a  relatively  high  (one-directional)  ballistic  standard  deviation  in  mils.  The 
system  rate  of  fire,  also  listed  in  Table  44-1,  decrease.:  to  some  extent  with  increasing  caliber,  as  would 
be  expected.  Finally,  the  stowed  load  of  rounds  does  indeed  depend  markedly  on  caliber  and 
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TABI.F.  44-1.  AIR  DEFENSE  GUN  SYSTEM  CHARACTERISTIC  S 


Gut. 

No  of 

Ballistic 

Dispersion 
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Rate  of  Eire. 

Stowed 

Designation 
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40 
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“Rate  of  fire  is  4200  rd/  min  after  I  s  a  =  linear  ione-direnionali  standard  delation 


*GE  Gatling  Gun 
“Mauser  Model  Gun 
“Oerltlton  Gun 
“!S(>errv  Gatling  Gun 


decreases  rather  systematically  with  increasing  caliber,  except  for  the  Sperry  Gatling  Gun  which 
seems  low  . 


The  aiming  errors,  or  movement  of  the  C  of  Is  bf  salvos,  are  not  listed  in  Table  44-1  since  they  de¬ 
pend  on  the  target  tracking  capability  of  the  radar  or  optical  sensor,  the  filtering  or  "smoothing"  of 
such  data  to  predict  future  target  position,  and  the  servo  or  gun-pointing  mechanism.  The  aiming 
errors  are  in  fact  produced  and  properly  accounted  for  in  the  MGEM  simulation. 

Table  44-2  gives  the  maximum  salvo  or  rapid  fire  burst  sizes  for  gun-cooling  times  of  1  s,  5  s,  and  60 
s  in  order  to  preclude  overheating  of  the  gun  tubes.  Such  schedules  would  be  followed  in  evaluations 
allowing  for  gun-cooling  fire  doctrines. 

Pertinent  ammunition  characteristics  of  the  projectiles  by  caliber  are  given  in  Tatle  44-3.  As  in¬ 
dicated  in  par.  44-2,  final  design  data  were  not  necessaiiiy  available,  although  for  study  purposes 
somewhat  homologous  projectiles  may  be  evaluated,  at  least  in  a  preliminary  way,  to  determine  the 
importance  of  caliber.  Note  in  particular  that  the  40- mm  projectile  has  three  times  the  weight  of  high 
explosive  filler  as  does  the  30-mm  round.  Muzzle  velocities  of  the  rounds  in  meters  per  second,  flight 
times  to  3  km,  and  ranges  at  which  the  remaining  velocity  of  eachYound  reaches  the  sonic  condition 
also  are  listed  in  Table  44-3. 

The  operating  and  supply  costs  of  the  ammunition  for  the  competing  air  defense  gun  systems  are 
luted  in  Table  44-4.  These  basic  data  would  be  used  in  a  cost-effectiveness  type  study. 

Obviously,  terminal  ballistic  performance  of  the  projectile  against  aerial  targets  is  of  fundamental 
importance  in  the  evaluation  of  air  defense  gun  systems.  In  this  connection,  Table  44-5  gives  target 
vulnerable  areas  in  square  meters  for  a  typical  fixed-wing  aircraft  and  a  rotary-wing  aircraft  for  uni¬ 
formly  distributed  random  impacts  on  the  front,  side,  rear,  bottom,  and  top  of  the  aerial  targets,  and 
as  a  function  of  the  30  mm,  35  mm,  and  40  mm  projectile  calibers.  Point-detonating  fuzes  with  ap¬ 
propriate  delay  are  to  be  used  for  the  projertiles  since  a  hit  is  required  to  produce  aircraft  damage. 
Vulnerable  areas  are  listed  for  "K”  (quick,  30  s)  kills  and  "A”  kills  or  loss  of  manned  control  of  the 
aircraft  in  5  min.  Any  vulnerable  area  divided  by  the  presented  area  under  consideration  gives  f>(k\ h), 
the  conditional  chance  that  a  hit  is  a  kill.  For  example,  for  a  35-mm  projectile  random  hit  against  the 
side  of  a  fixed-wing  aircraft,  the  conditional  chance  of  an  "A”  kill  is 


A(A|A)  -  Au/Af 


1 1.3/28.2  -0.40 


(44-1) 
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TABLE  44-2.  GI  N  SYSTEM  COOL  TIME  SCHEDULE 
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TABLE  44-5.  AIR  DEFENSE  AMMUNITION  ROUND  CHARACTERISTIC  S 
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TABLE  44-4. 

OPERATING  AND  SUPPLY  COSTS 
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TABLE  44-5 

TABLE  OF  FIXEb-WING  AND  ROTARY-WING  AIRCRAFT  VULNERABLE  AREAS 

VERSUS  PROJECTILE  CALIBER 
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where 

.1,  =  vulnerable  area,  m2 
.1,  =  vulnerable  area,  m2 

44-4  PRELIMINARY  CALCINATIONS  OF  SOME  KILL  PROBABILITIES 

In  order  to  get  some  idea  of  the  magnitudes  of  kill  probabilities,  we  will  calculate  a  few  optimistic 
kill  chances  or  boundary  values  for  the  reader.  For  example,  if  there  were  no  aiming  errors  and  only 
ballistic  dispersion  (see  Table  44-1  for  values  of  ballistic  dispersion  <r),  the  approximate  single-shot  kill 
probability  /»„*  of  the  30  mm  Mauser  projectile  for  an  “A”  kill  against  the  bottom  of  the  fixed-wing 
aircraft  at  1500  m  is  given  by 

p,s*  =  AV/(AV  +  lira3)  (44-2) 

7.5/{7.5  +  27r[(0.31)(1.5)]2}*  =  0.85 

which  is  to  be  regarded  as  a  very  optimistic  value,  especially  since  the  aiming  error  would  be  expected 
to  be  i.  .veral  or  many  times  the  ballistic  error. 

An  approximate  single-shot  kill  probability  considering  the  existence  of  an  aiming  error  per  round 
may  be  calculated  by  replacing  the  term  2jnr2  in  Eq.  44-2  by  the  equivalent  or  total  ballistic  and  aim¬ 
ing  dispersion  (an  expression  similar  to  Eq.  20-95),  i.e., 

pssk  *  A„/(Av  +  2 irtr?  +  lira3)  (44-3) 

where 

ax  -  one-directional  ballistic  sigma 
<r„  =  one-directional  aiming  error  sigma. 

For  the  example  previously  given  for  which  the  ballistic  sigma  is  0.31  mil,  suppose  the  aiming  error  ctu 
is,  say.  3  mils  as  it  may  well  be  for  an  air  defense  gun.  Then 

Pssk  =  7.5/17.5  +  27t[(0.31  )(1.5)]2  +  27r[(3)(1.5)]2} 

=  0.055 

which  represents  a  crucial  change  indeed. 

Consider  a  salvo  or  burst  size  of  40  rounds  and  a  cooling  time  of  5  s  between  bursts  (Table  44-2). 
Then,  for  complete  independence  among  adjacent  rounds,  the  most  optimistic  total  kill  chance  /*  is 
about 

>=!-(!—  (44-4) 

=  1  -  (1  -  0.055)40  =  0.896. 

•As  will  be  observed  in  the  sequel,  such  calculations  may  not  be  realistic  since  they  do  not  account 
for  the  tracking  sensor,  filtering,  prediction,  and  gun-aiming  problems— especially  for  which  the 
MGEM  simulation  has  been  “validated”  (Ref  3). 

If  the  aim  error  were  accurately  known,  another  method  of  calculating  kill  probability  would  be  es¬ 
timation,  by  the  models  of  Chapter  20,  of  the  chance  of  at  least  one  hit  on  the  vulnerable  area  Of  the 
target.  Indeed,  appropriate  modeling  of  the  aim  error  to  place  the  C  of  I  on  the  target  is  of  critical  im¬ 
portance  in  air  defense  weapon  systems  effectiveness.  Also  the  air  defense  guns  considered  here  have 
such  a  high  rate  of  fire  that  the  group  of  rounds  fired  <n  burst  may  be  considered  to  have  the  same  C 
of  I.  We  now  turn  to  the  most  promising  known  pro  *dure  fot  evaluating  air  defense  guns. 

*To  convert,  the  standard  deviation  from  mils  to  meters,  the  standard  deviation  in  mils  is  multiplied  by  the  range  in 
kilometers. 
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44-5  SUMMARY  OF  THE  MGEM  SIMULATION  AND  VALIDATION 

The  proposed  model  (MGEM)  for  evaluating  low  altitude,  relatively  short-range  air  defense  guns 
consists  essentially  of  describing  the  gur  projectile-aerial  target  engagement  simulation  encounter 
schematically  as  in  Fig.  44-1  (Ref.  3). 

A  sensor  (radar,  optical,  etc.)  detects  and  acquires  the  target,  and  gives  “noisy”  flight  path  data.  A 
filter  then  processes  the  raw  tracking  data  to  determine  target  position,  velocity,  and  acceleration  es¬ 
timates.  The  filter  function  will  involve  smoothing  of  current  and  past  target  position  data  on  the  basis 
of  some  criteria  in  order  to  filter  out  noise  or  extraneous  data.  Next,  the  filtered  or  smoothed  flight 
data  are  weighted  in  some  “optimum”  way  to  extrapolate  for  future  target  position  at  the  projectile 
time-of-flight  in  the  future.  This  prediction,  along  with  the  known  trajectory  of  the  projectile,  deter¬ 
mines  where  to  aim  the  gun  to  achieve  a  projectile-target  intercept  cine  time-of-flight  in  the  future. 
The  servomechanism  directs  or  aims  the  gun  tube  in  a  continuous  fashion  so  that  a  burst  of  rounds 
may  be  fired  from  the  gun  at  the  correct  instant. 

MGEM  involves  a  complete  air  defense  gun-target  engagement  simulation  which  has  been  fully 
programmed  on  a  computer.  Five  representative  flight  paths  for  enemy  aircraft  are  used  in  the 


MGEM  simulation  (Ref.  2),  namely: 

1.  Straight  Flyby  (Fig.  44-2) 

2.  Constant  2-G  Turn  (Fig.  44-3) 

3.  General  Maneuver  (Fig.  44-4) 

4.  Pop-Up  and  Dive  (Fig.  44-5) 

5.  Jinking  Flyby  (Fig.  44-6). 


The  reader  may  comprehend  that  such  flight  paths  may  be  made  “noisy”  with  appropriately  added 
random  numbers,  and  then  the  filter,  predictor,  and  servo  subsystems  simulated  so  as  to  estimate  ac¬ 
curately  gun  pointing  data.  Projectile-target  intercept  conditions  are  determined  for  one  time-of-flight 
for  the  burst,  and  aircraft  damage  is  then  assessed. 

The  fire  control  includes  a  forward  looking  infrared  (fiir)  or  visual  optic  target  sensor  and  a  digital 
computer  which  uses  Kalman  statistical  estimation  techniques.  Thus,  conventional  fire  control  design 
for  air  defense  guns  has  been  updated  by  the  use  of  modern  control  theory  techniques,  and  the 
superiority  of  this  approach  has  been  verified  and  validated  by  Meredith,  Scheder,  and  Lufkin  (Ref. 

3). 

Perhaps  a  brief  sketch  of  some  of  the  salient  points  of  the  validation  process  would  be  of  interest 
here  since  it  might  give  the  reader  an  appreciation  and  some  confidence  that  the  best  known  model  for 
evaluating  air  defense  guns  has  been  found. 
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Figure  44-3.  Constant  2-G  Turn 


44-5.1  THE  SENSOR  OR  TARGET  TRACKING  RADAR 

As  described  in  Ref.  3,  the  manually  controlled  flir  tracking  sensor  is  simulated  by  adding  an  ap¬ 
propriate  error  to  the  actual  target  position  at  each  time  interval.  The  “errors”  added  are,  of  course, 
modeled  as  an  appropriate  random  process  in  the  sensor  line-of-sight  coordinate  frame.  For  the 
GLAAD,  typical  errors  used  were. 

1.  The  range  standard  deviation  error  or  was  estimated  to  be 

or  =  2  m  (44-3) 

2.  The  azimuth  and  elevation  standard  errors  were  determined  from 


where 


=  l(4/r2)  +.  I]1'*,  mrad 
<*'t  =  10A*)  +  l]17*,  mrad 


(44-6) 

(44-7) 


oat  ~  standard  error  in  azimuth 
of i  =  standard  error  in  elevation 
r  =  range  to  target,  m. 

To  produce  such  values,  a  norma)  distribution  JV( 0,y)  with  zero  mean  and  the  indicated  o  was  sam¬ 
pled  to  obtain  “noisy”  path  data. 

In  processes  of  the  kind  modeled  here,  we!  are  dealing  with  a  time  series,  or  autoregressive  process, 
and  a  prediction  from  one  time  point  to  the  next  may  be  generated  by  a  Markov  process  (since  the 
new  additional  value  depends  on  immediate  ly  preceding  value).  Thus,  the  range,  azimuth,  and  eleva¬ 
tion  values  for  time  t  +  1  may  be  predicte  d  from  data  at  time  I  as  follows: 

r,  +  ,  =  O.ij rt  +  0.8#r,  m  (44-8) 

azt  + 1  =*  0.  +  0.44ea„  mil  (44-9) 

tlt  ■  0.9 tit  +  0.44^  mil  (44-10) 


where 


tit  + 1 

r,  +  i  »  range  at  /  +  1,  m 
r,  m  range  at  time  /,  m 
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er  =  random  deviate  from  A  (0,<rr).  m 
azt ,  i  =  azimuth  at  time  /  +  1,  mil 
azi  —  azimuth  at  time  /,  mi! 
eai  —  random  deviate  from  A  (0,<xa.),  mil 
"It  ■  i  =  elevation  at  time  t  +  1,  mil 
el,  =  elevation  at  time  /,  mil 
ee  =  random  deviate  from  A'(0,  <?,.*),  mil. 

Suitable  numerical  coefficients  were  determined  from  an  analysis  of  gun  tracking  data. 

Target  position  data,  determined  thereby  with  “error”,  may  be  determined  in  cartesian  coor¬ 
dinates,  and  the  resulting  values  fed  into  the  Kalman  filter  as  input  data. 

44-5.2  THE  FILTER 

The  heart  of  thcMGEM  simulation  and  perhaps  the  real  advance  in  technology  and  evaluatipn  of 
air  defense  guns  center  around  the  so-called  Kalman  filter.  The  purpose  of  the  filter  is  to  process  the 
raw  target  tracking  data,  and  supply  present  and  future  (extrapolated)  target  position,  velocity,  and 
acceleration  estimates.  For  a  brief  background,  and  by  way  of  comparison,  one  could  take  the  raw 
position  data  acquired  by  the  sensor  in  tracking  an  aerial  target  and  employ  a  least-square^  fit  and 
prediction  procedure  for  future  target  coordinates  without  the  aid  of  any  other  assumptions  or 
considerations.  On  the  other  hand,  the  Kalman  filter  or  estimator  is  built  around  an  algorithm  that 
uses  sensor  data,  the  statistical  properties  of  the  sensor  errors,  the  equations  of  expected  target  mo¬ 
tion,  and  the  statistical  properties  of  present  versus  past  errors  to  produce  minimum  variance  es¬ 
timates  of  target  position,  velocity,  and  acceleration  data.  The  reader  may  study  Refs.  3  through  7  to 
the  extent  desired  for  the  mathematical  background — considered  to  be  beyond  the  scope  of  this 
chapter — and,  furthermore,  an  extensive  field  of  interest  in  its  own  right.  Our  point  of  emphasis  is 
that  the  use  of  the  Kalman  filter  has  been  found  to  give  the  best  predictors  of  target  flight  data  insofar 
as  the  proper  modeling  of  the  air  defense  aim  error  is  concerned. 

44-5.3  THE  PREDICTOR 

The  purpose  of  the  predictor  is  to  determine  just  where  to  aim  the  gun  to  achieve  projectile-target 
intercept  pne  time-of-fiight  t,  in  the  future.  In  this  connection,  the  ballistics  of  the  projectile  must  be 
modeled  while  the  drag  coefficient  of  the  projectile,  the  effects  of  winds,  and  gravitational 
decelerations — just  to  mention  a  few  requirements— are  being  considered.  For  supersonic  velocities  of 
projectiles,  which  apply  to  the  air  defense  gun  projectiles  considered  here,  the  accurate  time-of-flight 
information  of  the  projectile  may  be  determined  from  the  equation 

R  -  vmt,/(  1  +  fit,)  ,  (44-11) 

where 

R  *  ballistic  range  of  the  projectile,  m 
v, „  »  muzzle  velocity,  m/s 
t,  =  projectile  time-of-fiight,  s 

0  *-  a  drag-related  constant  for  the  projectile  considered,  s'*. 

Since  at  intercept  the  projectile  and  the  target  are  at  equal  range  from  the  gun,  aiming  may  be 
determined  by  comparing  the  predicted  target  range  with  that  of  the  projectile  in  flight.  Then,  it  can 
be  seen  that  the  time-of-fiight  for  intercept  conditions  may  be  determined  with  the  aid  of  target  travel 
prediction  equations  and  Eq.  44-11.  Hence,  intercept  conditions  are  established;  and  once  these  are 
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found,  wind  corrections  and  gravity  drop  are  fed  into  the  ballistic  theory  equations:  and  the  aiming 
commands  for  the  pointing  of  the  gun  are  determined.  These  aiming  commands  are  used  to  drive  the 
gun  servomechanism. 

44-5.4  THE  SERVOMECHANISM 

Operation  of  the  servomechanism  is  simulated  by  adding  errors  to  the  aiming  commands;  the 
process  is  very  similar  to  that  of  treating  the  sensor  operation.  In  fact,  the  errors  for  the  ser¬ 
vomechanism  are  modeled  as  Markovian,  noise  also.  For  interested  readers,  the  noise  levels  and  the 
autocorrelation  coefficients  are  given  in  Table  2.3  of  Ref.  3.  Included  also  in  the  servomechanism 
simulation  are  typical  boresight  errors. 

44-5.5  PROJECTILE  TRAJECTORY 

The  difference  between  the  computed  trajectory  used  for  obtaining  the  intercept  solution  and  the 
actual  projectile  path  is  modeled  by  adding  trajectory  differential  effects  to  the  nominal  straight  line 
path.  Thus  muzzle  velocity  and  drag  variations  arc  simulated,  as  are  dispersion  in  azimuth  and  eleva¬ 
tion  deflections,  wind  measurement  errors,  and  gravity  drop. 


44-5.6  TARGET  DAMAGE 

Finally,  we  come  to  the  target  damage  problem.  Computer  simulations  and  calculations  locate  the 
point  of  closest  approach  of  th<  projectile  in  flight  to  the  target,  and  this  is  done  by  a  search  routine 
which  compares  miss  distance  at  0.05-s  intervals  along  the  target  flight  path.  The  relative  position  of 
the  projectile  and  the  target  at  closest  approach  is  checked  against  the  projected  area  of  the  target  to 
determine  whether  a  hit  on  the  aircraft  has  been  obtained.  The  projected  target  area  is  the  presented 
area  corrected  for  any  roll,  and  thus  the  aircraft  vulnerable  area  may  be  seen  as  being  projected  in  a 
plane  normal  to  the  relative  velocity  vector  of  the  projectile.  For  convenience,  the  projected  area  is 
assumed  to  be  circular,  although  it  has  been  determined  that  actual  shape  will  not  adversely  affect  hit 
probability  chances  as  seen  to  some  extent,  for  example,  in  Chapters  14  and  20,  A rmy  Weapon  Systems 
Analysis,  Part  One,  Handbook.  Once  a  "hit”  on  a  presented  area  is  achieved,  the  conditional  chance 
that  a  hit  is  a  kill,  or  p(k jA)  as  determined  from  Table  44-5,  is  used  and  matched  against  a  randomly 
drawn  number  from  the  appropriate  uniform  probability  distribution  to  either  score  or  not  score  an 
aircraft  t'kill”. 


44-5  J  VALIDATION  OF  THE  MGEM  SIMULATION 

Procedures  for  verifying  and  validating  the  GLAAD  or  MGEM  simulations  of  air  defense  guns  are 
discussed  in  much  detail  by  Meredith,  Scheder,  and  Lufkin  (Ref.  3).  In  brief,  field  data  were  either 
gathered  or  were  available  to  compare  the  results  from  MGEM  simulation;  for  the  sensor,  filter, 
aredictor,  and  gun  servomechanism.  As  some  specific  examples,  Fig.  4.9  of  Ref.  3  is  reproduced  here 
as  Fig.  44-7  and  illustrates  a  comparison  of  the  actual  (solid  curve)  and  the  modeled  (MGEM)  es¬ 
timator  of  position  output  for  the  target  range  in  meters.  The  dotted  curve  gives  the  GLAAD  or 
MGEM  prediction.  Notice  the  rather  close  agreement.  Fig.  44-8,  reproduced  from  Fig.  4.12  of  Ref.  3, 
jives  a  comparison  of  the  actual  and  modeled  estimator  velocity  output  or  target  speed  for  the  y~ 
:omponent,  and  Fig.  44-9  gives  a  comparison  of  the  actual  and  modeled  acceleration  output.  Similar 
comparisons  are  graphed  in  Ref.  3  for  the  predictor,  gun  aiming  commands,  and  actual  aiming 
Joints;  and  in  some  comparisons  "confidence  bands”  from  the  Monte  Carlo  simulations  are  displayed 
:o  determine  whether  the  miss  distance,  etc.,  lies  within  predictions.  In  summary,  a  sufficient  number 
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Relative  Time,  s 

*.RZ  ■  Difference  between  the  actual  and  modeled  values  of  the  Z-component  of 
range. 

Figure  44-7.  Comparison  of  Actual  and  Modeled  Estimator  Position  Output 


of  comparisons  have  been  made  similar  to  Ref.  3,  which  give  considerable  confidence  that  th;  MGEM 
simulation  represents  not  only  a  suitable,  but  also  the  best  available  computerized  model  to  date  for 
evaluating  the  overall  effectiveness  of  air  defense  gun  state  of  the  art.  With  the  establishment  of  this 
confidence,  therefore,  we  now  proceed  to  some  example  data  on  air  defense  gun  effectiveness;  or 
MOE’s,  which  may  be  used  to  compare  some  different  systems. 

44-6  A  SAMPLE  MGEM  COMPUTER  RUN  OF  ENGAGEMENT  KILL 
PROBABILITIES 

In  order  to  indicate  a  somewhat  typical  comparison  of  possible  air  defense  gun  systems  having 
calibers  from  30  to  40  mm,  we  have  used  the  data  of  Tables  44-1  through  44-5,  along  with  three  flight 
paths,  to  determine  hit  and  kill  chances  as  an  illustration.  The  three  flight  paths  were  for  the  straight 
flyby  (Fig.  44-2)  and  the  pop-up  and  dive  (Fig.  44-5)  courses  for  a  typical  enemy  jet  aircraft,  and  in 
addition,  a  target  helicopter  was  considered  at  2500  m.  The  MGEM  computerized  simulation  was 
programmed  and  run  under  the  direction  of  Mr.  Johr.  Meredith  of  the  Air  Warfare  Division,  AM- 
SAA,  with  the  results  given  by  caliber  (30  mm,  35  mm,  and  40  mm)  in  Table  44-6. 

The  reader  should  understand  that  the  figures  of  Table  44-6  are  for  engagement  hit  and  hill 
probabilities  for  the  various  numbers  of  rounds  that  can  be  fired  during  a  target  flyby  from  the  three 
different  calibers  of  air  defense  guns.  In  particular,  many  more  {bunds  can  be  fired  from  the  30  mm 
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Relative  Time,  s 

*.  .VY  ■  Difference  between  the  actual  and  modeled  value*  of  the  Y-component  of 
velocity. 

Figure  1 1-H.  Comparison  of  Actual  and' Modeled  Estimator  Velocity  Output 

air  defense  gun  than  from  the  35  mm,  and  the  least  from  the  40-mm  weapon.  Note  that  the  chances  of 
at  least  one  hit,  and  the  chances  of  an  “A”  kill  or  a  "K”  kill  decrease  strikingly  and  uniformly  with  in¬ 
creasing  caliber  of  weapon.  Thus,  the  30  mm  has  sufficient  terminal  effectiveness— of  conditional 
chance  that  a  hit  is  a  kill — along  with  its  higher  rate  of  fire  to  possess  higher  kill  chances  than  either 
the  35-  or  40-mm  weapons.  By  contrast,  the  number  of  rounds  expended  during  the  typical  engage¬ 
ments  by  the  30-mm,  35-mm,  and  40-mm  weapons  are  given  in  Table  44-7.  One  notes  in  particular 
that  the  30  mm  air  defense  gun  may  get  off  as  many  as  five  times  the  number  of  rounds  as  the  40-mm 
weapon,  and  the  35-mm  weapon  about  1.5  times  the  number  of  rounds  as  the  40-mm  weapori. 

In  connection  with  Table  44-6,  we  remark  that  during  an  engagement  the  aspect  angle  of  the  aerial 
target  changes  over  the  whole  flight  path,  so  that  the  approaching  projectiles  attack  the  enemy  aircraft 
under  changing  impact  conditions,  and  hence  the  MGEM  simulation  takes  the  proper  vulnerable 
areas  of  Table  44-5  into  account,  which  change  with  engagement  time. 

On  the  basis  of  simple  hit  and  kill  probabilities,  we  may  easily  see  from  Table  44-6  that  the  smaller 
caliber  30-mm  weapon  is  the  superior  air  defense  gun,  and  it  would  be  recommended  on  this  basis 
since  we  w  >uid  certainly  desire  to  have  in  the  field  those  weapons  which  possess  the  greatest  kill 
chances  against  enemy  aircraft.  On  a  cost  basis,  however,  using  the  individual  round  costs  of  Table 
44-4,  it  ii  seen  that  the  30  mm  may  be  more  expensive.  Thus  to  go  further  into  real  or  expected  costs, 
or  a  cost-efectiveness  comparison,  one  would  have  to  come  to  grips  with  the  most  desirable  tables  of 
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t'.AZ  m  Difference  between  the  actual  and  modeled  values  of  the  Z-component 
acceleration. 
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Figure  l  l*'l.  Comparison  of  Actual  and  Modeled  Estimator  Acceleration  Output 


TABI,F  44-6.  ENGAGEMENT  HIT  AND  KILL  PROBABILITIES 


Probability 
of  at  Lean 


Probability 


Probability 


Straight  Kl)by 
Pop-  Up  and  l)tve 
■  Helicopter  at  2500  m 


One  Hit 

of  "A"  Kill 

of  “K"  Kill 

30 

35 

40 

30 

35 

40 

30 

35 

40 

087 

080 

0  62 

0  68 

0.55 

0.48 

0  37 
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0.38 
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033 

0.31 
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TABLE  44-7.  AVERAGE  NUMBER  OF  ROUNDS  EXPENDED  PER  ENGAGEMENT 

Number  of  Rounds 
t upended 


Flight  \ 

• 

Path  N^Caliber,  mm 

30 

35 

40 

Straight 

279 

77 

52 

Pop-Up 

280 

92 

62 

Helicopter 

218 

60 

38 
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organization  and  equipment  for  the  air  defense  organization,  as  for  example  in  a  fielded  division,  and 
consider  overall  costs  for  a  tjiven  level  01  effectiveness  or  one  hand,  or  the  costs  to  attain  some  desired 
or  minimum  level  of  effectiveness  or  protection  on  the  other  We  believe  that  this  further  direction  of 
studs  is  more  or  less  expressh  for  the  practicing  an.iiyst;  consequently,  we  will  no^delve  more  into 
such  details,  having  covered  the  matter  of  an  air  defense  gun  effectiveness  simulation  here. 

As  a  final  comment  of  some  interest,  we  might  note  as  an  example  that  for  an  “A"  kill  the  engage¬ 
ment  kill  probaoility  against  the  pop-up  and  dive  target  course  is  0.71.  and  the  expected  number  of 
30-mm  rounds  expended  is  280  Hence  the  average  kill  probability  per  round  is  only  ,0  "1/280  = 
0.0025.  i.e..  a  rather  low  figure  and  one  indicating  the  difficulty  of  placing  the  C.  of  I  of  the  rounds  on 
the  target.  Moreover,  the  expected  number  of  engagements  to  achieve  a  kill  is  1/0. '1  =  1.41.  and  this 
converts  to  about  1.41  X  280  =  394  rounds,  or  a  cost  of  about  8.80  X  394  =  S3467.  We  see.  therefore, 
that  the  expected  cost  to  achieve  a  kill  by  the  30  mm  air  defense  gun  is  perhaps  unexpectedly  high  in¬ 
deed.  The  expected  cost  for  the  4d-mm  weapon  at  the  lower.  “A  "-kill  probability  of  0.39  is  about 
$349”.  This  simple  cost-effective  analysis  brings  out  the  danger  of  making  a  determination  vvithout 
considering  all  the  information— such  a  determination  is  made  earlier  in  this  paragraph. 

44-7  ADDITIONAL  COMMENTS  AND  CAUTIONARY  NOTES 

With  reference  to  the  air  defense  problem  generally  and  the  use  of  guns  as  defense  weapons  against 
enemy  low-altitude  type  attacks,  some  might  question  the  need  for  an  “A”  kill.  This  is  because  the  air 
defense  mission  is  to  nrevent  the  delivers  of  any  "ordnance”  on  the  target,  and  consequently  the  need 
primarily  for  a  “K”  kill  or  a  mission  abort. 

The  problem  of  “validation"  of  a  model  brings  forth  many,  many  questions.  The  MGEM  model 
was  “validated”  primarily  through  the  use  of  simulations  on  a  computer;  however,  many  may  well 
argue  that  actual  firing  experiments  or  field  trials  are  required  to  validate  any  military  operations 
research  model.  It  must  be  remembered,  however,  that  actual  firings  to  validate  a  mode!  are  not  only 
very  expensive  or  prohibitive,  espc  tally  to  cover  all  probable  missions,  flight  paths,  etc.,  but  also  are 
perhaps  too  dangerous  to  personnel  conducting  >uch  tests.  Nevertheless,  it  is  agreed  that  certain  fir¬ 
ings,  if  they  could  be  conducted  properly  in  a  field  experiment,  would  indeed  add  much  confidence  to 
any  model  validation  attempt. 

An  obvious  criticism  of  the  MGEM  model  is  that  it  may  not  actually  handle  the  terrain  features 
problem  very  well,  especially  for  target  detection,  identification,  acquisition,  and  tracking  capability. 
Realistic  terrain  quantification  is  thus  an  important  problem  to  continue  to  study.  Also  the  attacking 
aircraft  may  n<  r  be  as  successful  if  their  target  acquisition  ranges  arc  less  than  about  1.5  km.  More 
study  may  be  very  desirable. 

Some  authorities  might  question  the  need  or  appropriateness  of  all  ot  the  particular  flight  paths 
covered  in  the  MGEM  type  evaluation  For  example,  it  would  be  very  difficult  to  deliver  ordnance 
from  the  2-G  constant  turn  or  the  jinking  flyby  maneuvers,  so  that  some  further  consideration  or 
study  in  detail  is  in  order  concerning  such  flight  paths  in  combat  situations. 

Also  it  should  be  clear  that  the  somewhat  "rigid”  weapon  cooling-time  requirements  in  Table  44-2 
cannot  be  strictly  enforced,  a  id,  for  example,  that  cooling  times  more  than  three  or  four  seconds 
would  not  be  very  feasible.  Again,  this  tyj>e  of  problem  may  require  more  experience. 

The  problem  of  properly  matching  the  caliber  of  the  projectile,  its  fuzing,  its  HE  content,  and  its 
fragmentation  effect  against  future  targets  will  require  continuing  research  in  the  area  of  vulnerability 
effectiveness  studies.  Also,  the  ballistics  of  the  round,  including  especially  trajectory  dispersion  and 
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lo-s  or  vfl-><  ity.  vill  play  a  cruc  ial  role  Moreover,  this  likely  will  lead  to  various  revisions  «!  the  cust- 
cstir’ari  ni  -nadir-  or  uii!  require  continual  updating  for  any  valid  inferences  on  rost-ellec  tivrness 

Final l>.  in  our  rather  limited,  unclassified  evaluation — which  has  been  highlighted  lor  iilustr.  .,ce 
purposes  onlv — we  found  that  the  caliber  30  mm  looked  very  gcod  or  the  best,  probably  because  t  i 
tne  numerous  rounds  that  could  be  fire^  during  an  engagement.  Nevertheless,  the  previously 
enumerated  points  of  further  consideration  might  lead  to  the  requirement  for  large  t  aiibers.  or  even 
perhaps  the  40-mm  projectile  sometime  in  the  future. 

Therefore,  we  see  for  the  purposes  of  this  chapter  that  a  very  extensive  and  completely  satisfactory 
evaluation  of  the  low  altitude  air  defense  problem  cannot  actuallv  be  covered,  although  the  disc  us-inn 
presented  should  be  adequate  for  an  initial  orientation  of  the  systems  aralyst. 

44-8  SUMMARY 

We  have  ciesc  ribed  one  of  the  more  recent  methodologies  for  evaluating  the  general  effectiveness  of 
air  defense  guns  for  the  field  artnv.  The  procedure  covered  is  that  of  the  MGEM  which  is  a  com¬ 
puterized  simulation  of  the  encounter  between  gun  projectiles  and  typical  or  expected  enemy  aerial 
targets.  The  usefulness  of  the  MGEM  would  seem  to  be  of  much  interest  and  wide  application  since 
its  accuracy  has  been  validated  through  the  study  of  many  simulations. 
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CHAPTER  45 

ARMY  COST  AND  OPERATIONAL  EFFECTIVENESS  ANALYSES 

(COEA’s)* 


This  chapter  gives  clear,  concise,  comprehensive,  and  otherwise  detailed  accounts  and  procedure- tor  performing  a  cost 
and  operational  etfec'ircness  analysis  i  COTA , .  Indeed,  the  guidelines  presented  here  should  be  followed  by  all  in¬ 
dividuals  who  prtpnre  a  COTA  for  staffing  through  Army  activities  and  echelons. 

45-1  INTRODUCTION 
45-1.1  PURPOSE 

Army  cost  and  operational  effectiveness  analysis  (COEA)  efforts  need  to  be  more  timely,  less  ex¬ 
pensive,  more  pertinent,  less  ponderous,  more  comprehensible,  less  redundant,  and  more  illumi- 
nrting  of  relevant  issues.  This  chapter  is  intended  to  help  improve  COEA’s  by  explaining  the  fun¬ 
damental  ideas  of  a  good  COEA.  The  discussion  that  follows  indicates  the  standards  which  should  be 
used  in  preparation  of  COEA’s  and  which  will  be  used  in  judging  them. 

45-1.2  OBJECTIVES  AND  SCOPE 

This  discussion  is  for  anyone  who  becomes  involved  with  an  Army  COEA;  for  example,  an  action 
officer  responsible  for  preparation  of  a  study  directive,  a  Study  Advisory  Group  (SAG)  member,  a 
study  director,  a  member  of  study  team,  or  a  user  of  the  final  product.  It  is  not  intended  as  a  primer  of 
technical  methods  or  as  a  source  of  data  for  a  COEA.  It  does  not  discuss  matters  such  as  agency  re¬ 
sponsibilities  and  procedures.  These  are  covered  in  regulations  such  as  AR  1000-1,  AR  71-9,  AR  5-5, 
TRADOC  Reg  11-6,  and  DARCOM  publications. 

'’"he  chapter  is  also  not  a  handbook  of  data  sources  useful  in  COEA’s,  and  it  does  not  aim  to 
prescribe  a  format  with  which  every  COEA  must  comply  in  minute  detail.  Rather,  it  seeks  to  set  the 
tone  of  thought  that  should  be  present  in  COEA’s.  It  tries  to  articulate  the  spirit  and  philosophy  of  the 
COEA  effort  and  tries  to  avoid  the  “by-the-numbers”  approach. 

The  chapter  aims  to  explain,  in  simple  terms,  each  of  the  following: 

1.  What  an  Army  COEA  is, 

?  Why  an  Army  COEA  is  done  —  especially  to  include  its  use  in  the  materiel  acquisition 
process. 

5.  When  an  Army  materiel  COEA  should  be  done,  and  how  the  emphasis  should  change  with  de¬ 
velopment  phase. 

4.  What  a  COEA  of  an  Army  materiel  system  should  contain.  , 

5.  How  to  do  a  COEA. 

6.  How  to  get  a  COEA  done. 

The  exposition  in  this  chapter  is  from  the  point  of  view  of  a  COEA  done  in  connection  with  hard¬ 
ware  decisions.  However,  by  changing  a  few  lines,  the  ideas  apply  as  directly  to  other  major  decisions 

•This  chapter  has  been  prepared  by  Mr.  David  C.  Hardison,  Deput,  Under  Secretary  of  the  Army  for  Operations  Re¬ 
search.  Generally,  only  the  format  of  Mr.  Hardison's  original  paper  has  been  changed  in  spots  to  make  it  consistent  with  the 
writing  of  this  Army  Weapon  Systems  Analysts  Handbook.  We  are  indebted  to  Mr.  Hardison  for  use  of  his  mate-ial  as  a  perti* . 
nent  chapter  of  this  Handbook. 
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which  necessitate  choices  among  alternatives  that  differ  in  resources  required  or  potential  to  ac¬ 
complish  objectives.  Examples  are  training  programs,  weapons  mix.  and  force  decisions. 

The  chapter  is  divided  into  several  major  paragraphs  for  spetial  emphasis.  Following  this  in¬ 
troduction,  par.  45-2  answers  the  what.  why.  and  when  of  COEA;  and  par.  45-3  tells  what  a  COEA 
should  contain  and  how  to  do  it.  The  matter  of  how  to  get  a  COEA  done  is  discussed  in  par.  45-4.  Two 
appendices  are  attac  hed.  Appendix  A  gives  the  purpose,  scope,  and  characteristics  of  analysis  during 
the  various  phases  of  major  system  acquisition.  Appendix  B  is  a  discussion  of  the  types  of  models  used 
in  COEA's 

45-2  THE  WHAT,  WHY,  AND  WHEN  OF  ARMY  COEA 
45-2.1  WHAT  AN  ARMY  COEA  IS 

An  Army  COEA  is  an  analysis  of  the  costs  and  operational  effectiveness  of  each  of  a  set  of  alterna¬ 
tive  courses  of  action  to  meet  selected  Army  needs.  In  the  materiel  acquisition  process,  the  COEA  pro¬ 
duces  information  regarding  the  estimated  costs  and  operational  effectiveness  of  alternative  materiel 
systems  and  alternative  programs  for  acquiring  the  materiel  systems. 

The  basic  framework  of  the  Army  COEA  is  that  of  a  problem  of  choice.  A  COEA  is  thus  a  com¬ 
parative  or  relative  analysis.  The  problem  takes  a  form  wherein  the  decision  maker  must  judge  the 
merits  of  several  alternative  courses  of  action  to  meet  perceived  objectives  and,  ultimately,  choose  one 
from  among  them.  Each  of  the  alternatives  is  an  entity,  or  system,  which  is  comprised  of  people, 
materiel,  and  procedures.  Each  system  has  a  set  of  attributes  which  enables  it  to  achieve  some  rele¬ 
vant  performance  when  used  according  to  a  concept  of  operations  to  accomplish  the  tasks  pertinent  to 
a  given  set  of  objectives.  Each  system  also  entails  use  of  scarce  resources  or,  put  differently,  has  some 
costs.  There  are  limits,  or  constraints,  on  the  acceptability  of  alternatives,  and  there  are  threat  factors 
which  oppcwe  ar.ainment  of  objectives.  There  is  an  environmental  context  within  w  hich  attainment  of 
objectives  must  be  sought.  Evaluation  of  each  alternative  is  made  by  identification,  generation,  and  as¬ 
sessment  of  resource  implications,  i.e.,  measures  of  cost;  and  a  set  of  indicators  of  the  extent  to  which 
objectives  are  anticipated  to  be  attainable,  i.e:,  measures  of  effectiveness  (MOE).  A  sense  of  im¬ 
portance  is  associated,  at  least  implicitly,  with  each  measure  of  cost  and  effectiveness.  Criteria  of 
choice  are  developed  and  applied  to  the  measures  of  costs  and  effectiveness  in  order  to  determine 
whether  the  costs  and  effectiveness  of  one  alternative  are,  on  balance,  more  preferred  than  the  costs 
and  effectiveness  of  each  of  the  other  alternatives. 

An  Army  COEA,  therefore,  should  include  several  subanalyses:  mission  needs,  deficiencies,  and  op¬ 
portunities;  enemy  threats  and  other  operational  environments;  constraints;  operational  concepts; 
specific  functional  objectives;  system  alternatives;  system  characteristics,  performance,  and  effective¬ 
ness;  costs;  uncertainties;  and  the  preferred  alternative.  It  must  provide  measures  of  costs  and 
measures  of  effectiveness.  It  should  suggest  useful  criteria  of  choice.  Good  COEA’s  treat  each  of  these 
elements  explicitly  and  distinctly. 

45-2.2  WHY  COEA  ARE  DONE 

The  Army  has  many  needs,  of  course.  The  resources  —  personnel,  facilities,  and  funds  —  available 
to  the  Army  are  limited.  It  is  important  that  each  need  be  met  and  that  each  need  be  met  efficiently. 
There  usually  are  several  alternative  ways  to  meet  a  need.  A  COEA  is  done  in  order  to  produce  un¬ 
derstandable  information  that  adds  to  the  appreciation  of  the  relative  merits  of  the  several  alternatives 
by  estimating  their  costs  and  operational  effectiveness. 
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45-2.3.  WHEN  COEA  ARE  DONE 

Overall  policies  for  acquisition  of  Army  materiel  are  provided  mainly  in  DOD  Directive  5000. 1  and 
AR  1000-1.  These  policies  establish  thresholds  and  milestones  at  which  management  must  make  pro¬ 
gram  decisions.  These  decisions  require  information  about  the  projected  costs  and  effectiveness  of  the 
system/program  at  issue  both  in  absolute  terms  and  in  comparison  with  other  ways  to  meet  the  ob¬ 
jectives.  As  a  consequence,  a  COEA  is  needed  at  each  major  milestone  during  the  life  of  a  program, 

i.e.,  each  time  the  system/program  enters  a  new  “phase”  of  its  life  cycle. 

The  initial  COEA  of  a  system  is  a  most  important  one.  It  should  be  done  well,  and  when  it  is  done 
well,  subsequent  COEA’s  should  be  limited  to  updating.  Updating  means  to  take  account  of  changes 
in  objectives,  concepts,  constraints,  threats,  environments,  alternatives,  costs,  effectiveness,  or  criteria 
of  choice  that  occurred  since  the  previous  COEA  was  completed.  If  significant  change  has  not  oc¬ 
curred,  no  new  COEA  is  required.  However,  that  determination  should  nevertheless  be  documented. 
It  follows  that  before  beginning  a  subsequent  COEA,  there  should  be  an  assessment  of  change  since 
the  last  COEA.  This  would  help  to  determine  the  scope  of  the  update,  and  it  might  show  that  an  up¬ 
date  is  not  needed. 

In  the  past,  the  initial  COEA  has  not  always  been  done  well.  There  has  been  a  tendency  to  do  each 
successive  COEA  as  if  it  were  an  initial  one.  This  practice  is  neither  efficient  nor  even  effective.  One 
important  aim  of  this  chapter  is  to  encourage  that  the  initial  COEA  be  structured  so  that  it  can  be 
easily  updated.  This  is  not  only  a  worthy  goal,  but  a  necessary  one  so  that  the  demands  for  analysis 
can  be  met  within  available  personnel  resources. 

45-3  WHAT  A  COEA  SHOULD  CONTAIN  AND  HOW  TO  DO  IT 
45-3.1  PARTS  OF  THE  ANALYSIS 

The  elements  of  a  COEA  are  listed  in  par.  45-2.  These  elements,  in  slightly  different  form,  now  are 
discussed  in  more  detail.  The  structure  ol  a  good  COEA  is  emphasized  in  this  paragraph. 

45-3.2  ANALYSIS  OF  MISSION  NEEDS,  DEFICIENCIES,  AND  OPPORTUNITIES 

The  objectives  for  any  system  are  derived  from  its  mission.  The  mission  of  a  system  is  to  fulfill  cer¬ 
tain  of  the  needs  of  the  next  higher  level  system.  Therefore,  a  good  COEA  usually  is  begun  by  de¬ 
termination  of  the  specific  level  of  the  system  —  e  g.,  tank  gun  ammunition,  tank  armament,  tank, 
tank  battalion,  armored  division  —  which  is  at  issue.  The  next  higher  level  system  is  »hen  examined  to 
determine  the  implications  for  the  system  at  issue.  It  is  sometimes  appropriate  to  go  beyond  the  next 
higher  system.  For  example,  one  might  wish  to  examine  the  needs  of  a  theater  force  when  comparing 
the  merits  of  alternate  concepts  for  an  important  materiel  item.  Usually  however,  an  extension  be¬ 
yond  the  next  higher  system  is  not  helpful. 

There  are  several  ways  that  mission  needs  can  be  examined.  It  often  is  helpful  to  do  so  in  the  con¬ 
text  of  a  set  of  future  wartime  situations  (scenarios).  When  this  is  done,  the  scenarios  should: 

1.  Be  derived  from  higher  echelon  scenarios. 

2.  Represent  the  spectrum  of  relevant  situations  encountered  over  the  whole  of  the  conflict. 

3.  Represent  the  spectrum  of  expected  environmental  conditions  --  terrain,  visibility,  and 
weather. 

4.  Represent  the  qualities  of  enemy  materiel  and  numbers  of  enemy  forces  and  their  tactical  use. 

5.  Define  the  organizational  and  temporal  context. 

Other  techniques,  such  as  survey  and  historical  analysis,  are  also  useful.  Whatever  the  technique  of 
analysis,  the  aims  are  the  same:  identification  of  mission  needs,  definition  qf  deficiencies  of  current 
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systems  in  meeting  those  needs,  and  discovery  of  opportunity  areas  where  efficiency  may  be  im¬ 
proved. 


45-3.3  ANALYSIS  OF  THREATS  AND  OTHER  ENVIRONMENTS 

The  threat  analysis  determines  the  elements  that  our  systems  would  be  used  against  and  the  em¬ 
ployment  forces  that  would  be  used  against  our  systems.  It  includes  broad  matters  such  as  opposing 
forces  and  detailed  matters  such  as  the  strength  of  ballistic  attack  or  level  of  ECM/IRCM.*  The  threat 
is  analyzed  in  detail  in  ord  r  to  understand  the  set  of  conditions  that  might  exist  at  the  time  of  em¬ 
ployment  of  the  systems  at  issue.  When  analyzing  the  threat,  one  should: 

1.  Take  full  advantage  of  available  intelligence  and  guidance,  and  get  the  intelligence  com¬ 
munity  involved  early  in  the  study. 

2.  Examine  opponent  objectives  as  carefully  as  our  own.  The  objectives  of  the  two  forces  are  dif¬ 
ferent,  and  they  may  not  be  symmetrically  opposite. 

3.  Explore  implications  of  constraints  on  the  threat.  The  laws  of  nature  apply.  I'he  enemy  has  re¬ 
source  and  other  constraints  that  may  limit  his  freedom  of  action,  as  do  vc 

4.  Develop  a  realistic  range  of  plausible  threats  since  the  opposition  to  future  systems  is  always  to 
some  extent  unknown.  Postulate  reasonable  countermeasures  or  threat  responses  to  our  system(s)  at 
issue.  What  would  we  do  if  we  were  in  the  enemy’s  situations  1  What  might  he  do  given  his  past  per¬ 
formance,  philosophy,  operational  concepts,  etc.? 

5.  Be  aware  that  gross  overestimation  of  the  qualities  or  quantities  of  opposing  forces  can  lead  to 

preference  of  inferior  alternatives.  > 

Hardly  less  important  than  the  enemy  threats  are  factors  of  the  natural  environment  —  terrain, 
weather,  temperature,  altitude,  and  visibility  conditions  —  within  which  the  systems  would  operate. 

45-3.4  ANALYSIS  OF  CONSTRAINTS 

Constraints  are  factors  that  limit  the  set  of  admissible  alternatives.  They  should  be  studied  care¬ 
fully  and  stated  explicitly.  Progress  sometimes  comes  from  finding  that  a  presumed  constraint  — 
personnel,  funding,  or  technical  —  does  not  exist.  Understanding  the  consequences  of  constraints  is 
appropriate  since  some  of  them  sometimes  change  or  can  be  changed. 

45-3.5  ANALYSIS  OF  THE  OPERATIONAL  CONCEPTS 

As  used  herein,  the  term  operational  concept  includes  the  full  set  of  notions  regarding  the  ways  in 
which  people  and  things  would  be  arranged  and  employed.  The  concept  includes  operational  doc¬ 
trine  and  tactics.  It  is  concerned  with  the  matter  of  how  the  system  is  to  be  used  to  accomplish  its  ob¬ 
jectives.  It  may  include  organizational  issues.  It  forms  a  thought  framework  within  which  the  systems 
undergoing  evaluation  are  envisaged  to  operate  capably  and  efficiently.  In  the  absence  of  a  sound  and 
elaborated  operational  concept,  a  COEA  usually  flounders. 

Inasmuch  as  a  system  is  evaluated  properly  in  thfr  context  of  an  operational  concept,  it  is  not  sur¬ 
prising  that  one  can  find  examples  of  poor  quality  COEA’s  that  have  done  without  clear  statements  of 
operational  concept.  One  even  can  find  gases  where  different  views  on  the  merits  of  a  system  car.  be 
shown  to  be  more  the  r'sult  of  differing  assumptions  regarding  the  purpose  of  the  system  and  how  it 
would  be  used,  than  the  result  of  disagreements  regarding  costs  and  performance  of  alternative 
systems.  A  good  COEA  includes  a  good  statement  and  analysis  of  the  operational  concepts. 
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Sim  e  operational  concepts  tan  be  changed.  the  overall  set  of  alternatives  considered  often  should  in¬ 
clude  cases  where  employment  concepts,  rather  than  hardware  systems  or  acquisition  programs,  are 
varied. 

45-3.6  ANALYSIS  OF  SPECIFIC  FUNCTIONAL  OBJECTIVES 

The  analyses  of  mission  needs  atm  deficiencies,  threats,  constraints,  and  operational  concepts  pro¬ 
duce  information  that  enables  one  to  understand  the  context  of  the  system  at  issue.  The  next  step  is  to 
express  this  understanding  in  terms  of  specific  functional  objectives  for  the  system.  Unfortunately, 
these  specific  functional  objectives  are  referred  to  variously  depending  upon  the  type  of  system  at  is¬ 
sue.  When  analyzing  a  transpo  tatidn  system,  one  might  describe  movement  requirements;  when 
analyzing  a  firepower  system,  one  might  describe  the  acquired  target  list;  when  analyzing  a  com¬ 
munication  system,  one  might  describe  the  traffic  demand  schedule;  etc.  Each  of  these,  and  others,  is 
used  as  a  definite  surrogate  for  a  less  definite  and  more  complex  set  of  operational  objectives.  Each  is 
an  expression  of  the  tasks  that  must  be  done  by  the  system  at  issue.  In  application,  the  functional  ob¬ 
jectives  are  treated  as  specific  goals  or  standards,  and  the  effectiveness  of  alternative  systems  is 
measured  in  terms  of  the  extent  to  which  they  would  be  achieved. 

Failure  to  establish  specific  functional  objectives  is  a  fault  common  to  many  poor  quality  COEA’s. 
One  reason  (for  such  failures)  is  the  variety  of  circumstances  of  potential  tr*  of  the  systems  and  the 
resulting  difficulty  of  stating  directly  the  essence  of  the  wide  spectrum  of  objectives.  One  consequence 
of  failure  to  state  functional  objectives  is  the  adoption  of  measures  of  effectiveness  which  are  not  clear¬ 
ly  relevant.  It  is  important  to  understand  how  the  meeting  of  basic  operational  needs  depends  upon  the 
level  of  performance  of  the  systems  at  issue.  In  the  end,  the  value  of  differences  in  system  performance 
must  be  assessed  to  determine  whether  they  are  worth  the  differences  in  system  costs.  A  key  part  of  the 
logic  therefore  is  an  analysis  to  develop  a  clear  and  dcfendable  statement  of  specific  functional  ob¬ 
jectives.  Without  the  results  of  such  an  analysis,  there  could  be  differing  views  on  how  effective  a 
system  would  be  in  war  and  little  understanding  of  why  the  views  differ. 

45-3.7  ANALYSIS  OF  SYSTEM  ALTERNATIVES 

Alternatives  are  the  candidate  courses  of  action  or  system  solutions  that  offer  the  , .  aspect  of  meet¬ 
ing  the  mission  objectives  Discovery  of  the  key  alternatives  is  one  of  the  most  important  tasks  in  doing 
a  GOEA  since  the  remainder  of  the  work  at  best  can  only  identify  which  of  the  recognized  alternatives 
is  best. 

Concerns  of  all  major  participants  in  the  materiel  systems  acquisition  process  should  be  recognized 
in  identification  of  alternatives.  This  should  include  concerns  of  persons  associated  with  OSD,  GAO, 
OMB  (Office  of  Management  and  Budget),  and  Congress.  Alternatives  that  might  not  be  of  interest 
within  the  Army  might  be  of  central  concern  to  influential  people  in  other  organizations. 

When  identifying  the  set  of  alternatives,  each  of  the  following  should  be  considered: 

1.  The  current  system 

2.  The  current  system  product  improved  in  one  or  more  ways 

3.  Systems  in  development 

4.  Conceptual  systems 

5.  Systems  of  other  services  (current,  product-improved,  developmental) 

6.  Foreign  systems  (current,  product-improved,  developmental). 

An  alternative  should  not  be  eliminated  solely  because  it  is  in  the  concept  stage  and  in  competition 
with  a  “real”  system.  Rather,  recognize  that  there  are  varying  degrees  of  uncertainty  associated  with 
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all  systems  expending  upon  their  stage  of  development.  The  differing  dates  of  operational  availability 
can  be  one  of  the  factors  considered  in  the  decision  process.  When  generating  the  set  of  alternatives, 
check  that: 

1.  Where  possible,  a  reference  alternative  (or  base  case)  is  included;  e.g.,  the  current  equipment  in 
the  current  organization  is  used  according  to  current  tactical  doctrine. 

2.  A  range  of  alternatives  is  included  (as  opposed  to  numerous  small  variations  on  a  single  theme) 
covering  variations  in  tactics,  materiel,  and  organization  as  appropriate. 

3.  Each  alternative  is  fully  defined;  including  specification  of  materiel,  organization,  and  tactics. 
Describe  the  operational  concepts  for  using  the  system,  and  units  within  which  it  is  embedded,  to  ac¬ 
complish  the  defined  objectives.  Describe  how  the  system/unit  operates  in  conjunction  with  ihe  other 
systems/units  in  accomplishing  the  objectives. 

4.  The  set  of  alternatives  is  structured  as  an  orderly  sample  which  is  systematically  representative  of 
the  total  set  of  feasible  alternatives. 

If  there  is  a  question  as  to  whether  an  alterna'  ive  should  or  should  not  be  included,  resolve  in  favor 
of  including  it.  If  it  is  a  “bad”  alternative,  the  subsequent  analysis  will  show  this  to  be  the  case,  and  the 
alternative  can  be  dropped  from  further  consideration  at  that  time.  On  the  other  hand,  if  it  has  merit 
that  was  not  immediately  apparent,  subsequent  analysis  will  also  demonstrate  that  fact. 

Allow  for  development  and  consideration  of  new  alternatives  as  the  study  proceeds.  Frequently,  new 
alternatives  emerge  as  a  result  of  the  cost  and  effectiveness  analyses  and  from  direction  provided  by 
OSD  and  Congress. 


45-3.8  ANALYSIS  OF  SYSTEM  CHARACTERISTICS,  PERFORMANCE,  AND 
EFFECTIVENESS 

An  effective  system  is  one  which  accomplishes  its  functional  objectives.  Measures  of  effectiveness  are 
used  to  indicate  the  extent  to  which  a  system  would  meet  its  objectives.  In  practice,  begin  by  defining 
what  the  system  would  be,  i.el,  its  characteristics.  The  work  to  define  system  characteristics,  such  as 
weight,  size,  shape,  color,  and  materiel,  is  useful  in  two  ways:  it  forces  one  to  describe  unambiguously 
the  specific  system  that  is  being  evaluated,  and  it  is  the  first  step  towards  inference  of  system  per¬ 
formance  and  cost.  Unless  what  the  system  being  evaluated  actually  would  be  is  rather  well  known,  it 
is  impossible  to  estimate  with  high  confidence  what  it  would  cost  and  what  it  would  be  capable  of  do¬ 
ing. 

With  a  clear  definition  of  the  characteristics  of  a  system  in  hand,  it  is  proper  next  to  determine 
system  performance,  i.e.,  to  determine  what  the  system  would  be  capable  of  doing.  Rate  of  fire,  cross¬ 
country  speed,  range,  number  of  channels,  service  time,  lethal  area,  payload,  detection  range,  and  ar¬ 
mor  penetration  capability  are  typical  of  the  many  useful  measures  of  performance  that  apply  to  Army 
system  1  each  tells  something  of  importance  about  what  a  system  would  be  capable  of  doing.  A 
measure  of  performance  does  not  indicate  whether  a  system  would  be  adequate;  it  merely  indicates 
what  it  would  be  capable  of  doing. 

Inference  of  performance  must  be  based  on  data  from  a  variety  of  sources:  empirical  relationships 
derived  from  tests  of  similar  systems,  data  from  tests  of  the  systems  at  issue,  and  theoretical  calcu¬ 
lations,  to  name  but  three.  Most  COEA’s  must  deal  with  situations  where  system  performance  data 
are  not  known  precisely.  Good  operations  research  practice  demands  that  the,  sources  of  the  per¬ 
formance  data  be  documented  in  a  form  conducive  to  review  and  assessment  of  credibility. 


45-6 


DARCOM  P  705-102 


When  system  performance  and  functional  objectives  are  understood,  one  can  proceed  to  estimate 
the  effectiveness  of  the  alternative  systems  on  the  battlefield.  As  stated  before,  measures  ot  effective¬ 
ness  are  used  to  indicate  the  extent  to  which  the  performance  of  a  system  enables  it  to  meet  the  ob¬ 
jectives  of  the  requirement.  There  usually  are  several  important  objectives  and  several  important 
measures  of  performance.  Similarly,  it  rarely  is  possible  tc  lind  a  single  measure  of  effectiveness  w  hich 
captures  the  richness  of  the  information  that  should  be  considered  in  the  process  of  choosing  one  of  the 
alternant e  systems.  Instead,  it  usually  proves  best  to  use  several  measures  of  effectiveness  that  are 
selected  so  as  to  be  not  o.erlapping  but,  taken  altogether,  reasonably  inclusive. 

The  central  c  hailenge  in  any  good  effectiveness  analysis  is  accurate  estimation  of  the  extent  to  which 
each  system  would  meet  the  objectives.  The  variety  of  procedures  that  can  be  used  to  estimate  ef¬ 
fectiveness  can  be  divided  into  two  broad  classes  depending  upon  whether  the  procedure  is  mostly  sub¬ 
jective  or  mostly  objective;  it  is  recognized  that  all  approaches  are  in  fact  combinations  of  both  ob¬ 
jective  and  subjective  parts.  Procedures  that  are  mostly  objective,  i  e.,  those  which  attempt  to  express  a 
reality  apart  from  personal  feelings,  generally  are  preferred  in  COE  A  to  procedures  that  are  mostly 
subjective,  i.e.,  those  which  express  reality  as  perceived  and  conditioned  by  personal  experiences. 

The  desire  to  treat  reality  objectively  leads  most  analysts  to  the  use  of  explicit  models.  Each  model  is 
a  representation  of  selected  relevant  parts  of  the  perceived  real  world.  The  models  try  to  reflect  the 
logical  framework  and  functional  inten  ^pendencies  of  the  elements  of  the  system  at  issue  within  the 
environment  of  the  system.  In  support  of  COEA’s,  models  are  built  to  facilitate  examination  of  the  way 
the  represented  systems  would  behave.  Models  cannot  represent  all  aspects  of  reality.  They  are  de¬ 
signed  to  represent  the  inputs,  processes,  and  outputs  that  are  judged  to  be  most  essential  to  the  pur¬ 
pose  for  w  hich  the  model  is  developed.  Like  systems,  models  rarely  are  intrinsically  "good"  or  “poor"; 
they  arc  "good  for  . . . "  or  “poor  for  .  .  .  (Ar  argument  can,  of  course,  be  made  that  models  which  are 
founded  on  violations  of  physical  laws  are  good  for  nothing  and  bad  absolutely  because  they  are  dan¬ 
gerously  misleading.  Apart  from  this  qualification,  the  linking  of  quality  to  use  seems  appropriate.) 

An  analyst  can  use  an  available  model  or  build  and  use  a  new  model  to  estimate  system  effective¬ 
ness.  But  this  is  possible  only  after  mission  needs,  operational  concepts,  system  functional  objectives, 
and  system  performance  are  established. 

It  is  good  operations  research  practice  to  exercise  each  model  and  produce  value  estimates  for  the 
various  measures  of  effectiveness.  The  model-checking  resui's  should  be  clearly  understood  both  in  re¬ 
gard  to  u-hat  they  are  and  why  they  occur.  The  logic  must  track  from  system  characteristics  to  system 
performance  to  attainment  of  functional  objectives  to  accomplishment  of  mission  needs.  This  model¬ 
checking  process  involves  detaJed  examination  of  data  well  beyond  the  measures  of  effectiveness.  It  is 
tedious  work,  but  the  effort  is  well  spent  and,  minimally,  tends  to: 

1.  Check  the  operation  and  credibility  of  the  model. 

2-  Develop  an  understanding  necessary  to  explain  and  interpret  the  results. 

3.  Provide  insights  into  the  utility  of  the  proposed  measures  of  effectiveness,  and  possibly  suggest 
new  and  better  ones. 

4.  Lead  to  ideas  and  methods  of  displaying  the  results  in  condensed,  comprehensible,  and  mean¬ 
ingful  form. 

There  is  no  point  in  going  beyond  the  reference  system  alternative  until  one  is  comfortable  that  the 
model  accurately  depicts  the  relevant  behavior  of  it.  As  a  rule,  systems  other  than  the  reference  al¬ 
ternative  are  less  well  understood  than  it  is.  It  is  rarely  possible  to  be  confident  that  other  systems  are, 
properly  assessed  when  the  reference  system  seems  not  to  be.  When  the  modet(s)  is  (are)  accepted  as 
operating  properly,  it  (they)  can  be  used  as  a  tool  to  aid  in  the  assessment  of  other  system  alternatives. 
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The  measures  of  effectiveness  for  all  alternatives  and  the  results  of  sensitivity  analyses  should  be  col¬ 
lected,  condensed,  displayed  graphically,  and  studied  to  discover  patterns  that  permit  generalizations 
about  the  class  of  systems  and  environments  studied.  This  can  permit  extrapolation  and  interpolation 
to  other  alternatives  and  situations  and  may  allow  creation  of  simple  analytic  expressions  relating 
characteristics,  performance,  environment,  and  measures  of  effectiveness.  It  also  is  a  thought  process 
which  assists  the  drawing  of  conclusions  from  the  effectiveness  analysis. 

It  would  be  wrong  to  think  that  a  COLA  should  use  just  one  model  or  that  every  model  should  be  a 
large-scale  computer-played  force-on-force  battle  simulation.  These  large  computer-played  battle 
simulation  models  certainly  are  powerful  tools  that  have  a  place  in  the  total  set  of  tools  available  to  the 
analyst.  But  many  COEA  issues  can  be  better  approached  by  using  a  more  straightforward 
mathematical  model  or  other  techniques.  Similarly,  some  issues  of  importance  are  quite  difficult  to 
analyze  in  the  large-scale  simulations.  The  analyst  must  concentrate  on  system  missions,  objectives, 
characteristics,  and  performance  when  determining  what  kinds  of  modeling  tools  are  most  ap¬ 
propriate  to  infer  system  effectiveness.  Sometimes  a  simulation  model  is  called  for,  but  often  it  is  not. 

45-3.9  ANALYSIS  OF  COSTS 

The  objective  of  the  cost  analysis  is  to  determine  the  resource  implications  of  choice  of  each  of  the  al¬ 
ternative  systems/programs.  Army  cost  analyses  usually  seek  to  determine  the  costs  of  acquiring, 
operating,  and  maintaining  a  quantity  of  each  system  during  a  presumed  period  of  peace.  The  quan¬ 
tity  of  systems  presumed  to  be  needed  usually  reflects  projections  of  peacetime  structure  and  wartime 
usage.  At  least  part  of  the  cost  analysis  effort  must  be  done  after  the  effectiveness  analysis  results  are  in 
hand.  For  example,  the  wartime  attrition  and  expenditure  rates  estimated  in  the  effectiveness  analysis 
often  are  used  to  develop  the  quantities  of  the  system  to  be  acquired  and  maintained  during  the  period 
of  peace  that  is  presumed  to  precede  use  of  the  system  during  war. 

Typically,  there  are  several  kinds  of  resource  Implications  that  should  be  analyzed  in  a  COEA. 
Some  think  that  resources  should  be  thought  of  basically  in  monetary  terms.  In  this  view,  the  non¬ 
monetary  aspects  of  other  scarce  resources  —  such  as  numbers  of  personnel,  electromagnetic  band¬ 
width,  nuclear  materials,  strategic  lift  assets,  and  energy  resources  —  should  also  be  considered  and 
treated  as  constraints.  Others  think  that  cost,  like  effectiveness,  is  treated  best  as  a  matter  having 
several  important  partially  interdependent  dimensions.  Neither  view  is  universally  better.  A  key  task 
in  the  cost  analysis  is  the  determination  of  the  kinds  of  costs  that  are  most  relevant  to  the  issues  for  de¬ 
cision. 

Monetary  costs  normally  are  shown  according  to  the  categories  of  R&D,  investment,  and  operations 
and  support.  Subcategorirs  provide  additional  details.  All  costs  that  arc  predicted  to  occur  during  the 
life  of  a  system  are  sometimes  summed  to  obtain  an  overall  estimate  called  “life  cycle  cost”.  This  prac¬ 
tice  has  some  value,  but  it  should  not  be  followed  to  the  exclusion  of  exhibition  of  t  te  component  cost. 
The  objections  to  the  provision  of  only  a  single  roll-up  life  cycle  cost  are  several:  operating  costs  often 
are  poorly  known  but  large  compared  to  acquisition  costs,  operating  life  often  is  poorly  known  and 
selected  somewhat  arbitrarily,  and  future  costs  are  treated  as  summable  with  current  costs.  Current 
DA  regulations  indicate  that  future  costs  should  be  discounted.  Most  Army  COEA’s  have  not  dis¬ 
counted  future  costs.  Arguments  continue  over  whether  discounting  is  appropriate  and  what  discount 
rates  should  be  applied.  An  often  miscoupied,  but  basically  unrelated,  matter  of  projected  future  in¬ 
flation  rates  adds  confusion  to  the  matter.  The  study  leader  and  cost  analyst  should  reach  explicit 
agreement  with  the  SAG  on  this  somewhat  messy' matter. 
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One  further  matter  regarding  monetary  costs  is  mentioned.  It  is  somewhat  difficult  to  determine  the 
extent  to  which  an  indirect  cost  should  be  charged  to  a  system.  The  term  “systems  costs"  has  been 
used  almost  as  a  synonym  for  direct  cost,  and  the  term  "systems  slice"  or  "force  cost  "  almost  as  a  syn¬ 
onym  for  the  total  direct  and  indirect  costs  of  having  the  system  in  the  force.  Which  approach  is  pre¬ 
ferred  depends  on  how  dominant  a  part  of  the  force’s  effectiveness  is  provided  by  the  system  in  ques¬ 
tion.  In  any  case,  cost  and  effectiveness  should  be  of  the  same  system  or  slice  of  force.  For  example,  one 
should  use  the  costs  of  a  fuzed  projectile  when  he  has  done  an  effectiveness  analysis  of  fuzed  projectiles 
even  though  fuzes  are  the  only  system  at  issue.  Similarly,  he  should  consider  the  cost  of  armed  heli¬ 
copters  rather  than  just  missiles,  even  when  only  the  missile  is  at  issue  if  the  effectiveness  model 
analyzes  armed  helicopters  rather  than  missiles. 

Analysis  of  personnel  costs  is  quite  important  in  most  Army  COF.A’s.  Key  factors  that  influence 
personnel  costs  are  the  logistic  support  policy  and  estimates  of  system  failure  rates  and  required  avail¬ 
ability  rates.  Such  analyses  require  much  more  than  a  simple  counting  of  military  structure  spaces. 

Estimates  of  the  costs  of  materiel  systems  are  obtained  using  approaches  that  fal*  into  two  broad 
categories.  The  industrial  engineering  cost  estimating  approach  (“bottoms  up”)  is  based  on  a  de¬ 
tailed  work  breakdown  structure  and,  in  effect,  rolls  together  a  large  number  of  fine-grain  estimates  of 
the  cost  of  materiel,  labor,  and  capital  to  acquire  and  operate  the  system.  The  parametric  cost  esti¬ 
mating  approach  makes  use  of  less  detailed  cost  estimating  relationships  that  have  been  developed  em¬ 
pirically  as  a  result  of  experience  with  earlier  systems.  Neither  approach  is  always  better.  The  para¬ 
metric  approach  poorly  reflects  changes  in  technology,  and  the  industrial  engineering  approach  fails  to 
include  the  cost  of  work  not  recognized  but  ultimately  required.  It  is  reasonable  to  presume  that  para¬ 
metric  approaches  are  useful  primarily  in  the  early  stages  of  the  life  cycle  of  a  system  and  that  the  in¬ 
dustrial  engineering  approaches  become  increasingly  more  accurate  as  information  is  gained  during 
the  later  stages.  In  any  case,  Army  policies  require  the  use  of  both  cost  estimating  approaches.  The 
technical  methods  for  application  of  the  techniques  are  provided  in  many  publications;  the  most  re¬ 
cent  and  authoritative  ones  are  DA  Pamphlets  11-2,  11-3,  11-4,  add  11-5  prepared  by  the  Office, 
Comptroller  of  the  Army. 

Some  COEA’s  have  been  of  poor  quality  because  of  shortcomings  in  the  cost  analysis.  Problems 
have  included  cases  where  the  systems  being  costed  were  not  well  defined,  cases  where  the  costing 
logic  was  flawed,  and  cases  where  the  prices  were  poorly  estimated.  The  cost  analyst  should  exercise 
the  same  discipline  of  checks  for  accuracy  of  inputs,  consistency  of  logic,  and  appropriateness  of  in¬ 
formation  that  the  effectiveness  analyst  should  use.  The  cost  estimates  shpuid  be  validated  by  the  cost 
estimating/cost  data  centers  at  the  DARCOM  commands.  The  cost  estimates  should  be  examined 
carefully  to  understand  the  relationship  of  both  system  and  force  structure  costs  to  system  design, 
system  performance,  and  system  effectiveness,  The  sensitivity  of  the  cost  estimates  to  system  design, 
performance,  and  mission  effectiveness  must  be  comprehended  so  that  we  can  have  field  systems  that 
are  effective  and  efficient. 

45-3.10  ANALYSIS  OF  UNCERTAINTIES 

COEA’s  deal  with  important  decisions  relai  ve  to  future  courses  of  action  and  are  replete  with  un¬ 
certainty.  Uncertainty  is  associated  with  each  o  ihe  factors  discursed  in  this  chapter:  operational  con¬ 
cepts,  environments,  mission  needs,  function*,  objectives,  threats  (including  countermeasures  to  the 
alternatives),  system  characteristics,  system  performance,  and  costs.  Additionally,  both  the  effective¬ 
ness  models  and  the  cost  models  are  only  partial  representations  of  reality. 
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The  analyst  should  identify  the  main  areas  of  uncertainty  and  estimate  the  extent  of  uncertainty. 
The  implications  of  the  uhcertainties  should  be  examined  by  sensitivity  testing  using  the  cost  model  (s) 
and  effectiveness  model(s).  Cost  uncertainty  should  be  examined  from  the  standpoints  of  uncertainty 
in  cost  estimating  methods,  and  uncertainty  in  system  performance  and  deployment  requirements.  A 
most  important  part  of  a  sensitivity  analysis  is  to  establish  the  range  within  which  a  system  can  per¬ 
form  and  still  be  an  “attractive”  solution.  The  uncertainties  which  most  affect  the  analysis  should  be 
highlighted. 

The  extent  to  which  sensitivity  analyses  can  be  done  depends  mainly  upon  the  availability  of 
analysis  techniques,  including  cost  models,  that  can  be  exercised  rapidly  and  repeatedly.  1'his  argues 
strongly  against  highly  elaborate  models  that  are  so  cumbersome  that,  in  practice,  cases  of  interest 
cannot  be  examined.  Results  of  the  sensitivity  analyses  should  be  displayed  along  with  the  results  of 
the  main  eflectiveness  analysis  and  cost  analysis. 


45-3.11  ANALYSIS  OF  THE  PREFERRED  ALTERNATIVE 

The  COEA  is  not  intended  predominately  to  decide  which  alternative  is  preferred.  It  is  supposed  to 
generate  information  that  will  assist  decision  authorities  in  making  their  decisions. 

Each  COEA  addresses  complex  issues.  Each  attempts  to  illuminate  the  issues  by  showing  several 
kinds  of  costs  and  several  effectiveness  indicators  for  each  of  the  alternative  systems/programs.  Even 
when  each  alternative  has  been  given  the  most  careful  and  rigorous  study  to  establish  costs  and  ef¬ 
fectiveness,  evaluation  of  the  merits  of  the  alternatives  can  rarely  be  accomplished  mechanistically. 

There  is  no  magic  or  universal  formula  which  can  be  used  to  combine  the  several  cost  and  effective¬ 
ness  measures  to  identify  the  most  preferred  alternative.  Thc  dimension  of  value,  or  w  orth,  must  be  ad¬ 
ded.  This  judgment  of  value  is  found  in  human  attitudes  and  perceptions  of  the  relative  importance  of 
competing  needs  at  higher  levels.  Therefore,  the  COEA  should  not  try  to  make  the  decision,  but  it 
should  present  the  information  in  such  a  way  as  to  permit  easy  comprehension.  In  this  regard,  ex¬ 
perience  indicates  it  usually  helps  to  do  the  following: 

1.  Depict  the  absolute  values  of  all  of  the  measures  as  compactly  as  possible.  Make  all  of  the  facts 
available  and  visible.  Show  all  the  measures  of  cost  and  all  the  measures  of  effectiveness  for  each  al¬ 
ternative. 

2.  Avoid  unrealistic  schemes  in  which  several  measures  are  weighted  and  combined  into  an  over¬ 
all  score  Decision  makers  are  able  to  consider  several  measures  in  their  judgmental  assessments  of 
overall  worth,  but  they  cannot  decompose  an  aggregate  score.  Sometimes  weighting  schemes  are  valid 
and  helpful,  but  even  then  it  is  best  that  they  be  explicitly  portrayed  so  that  their  implications  are  fully 
recognized. 

3.  Be  cautious  in  constructing  ratios.  They  tend  to  address  only  some  of  the  measures,  ignore 
questions  of  sufficiency,  and  they  can  hide  important  differences  in  absolute  results.  Relative  worth, 
defined  as  the  ratio  of  relative  effectiveness  to  relative  cost,  is  an  example  that  is  easily  misused. 

4.  Point  out  any  dominance  relations. 

5  Identify  ary  alternatives  which  have  proved  to  be  false  alternatives  due  to  lack  of  technical 
feasibility,  economic  feasibility,  or  violation  of  policy. 

6.  Identify  any  alternatives  that  do  not  meet  any  well  established  criterion  of  sufficiency  or  ade¬ 
quacy. 

7.  Identify  the  more  effective  alternatives  which  are  indifferent  in  costs,  and  the  less  costly  al¬ 
ternatives  that  are  indifferent  in  effeetiveners. 
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8.  For  alternatives  w  hich  have  no  readily  apparent  differences.  identify  those  w  hich  are  weaker  at 
the  more  important  and/or  more  frequent  objectives  and  alternatives  which,  relative  toothers,  have 
risks  without  compensation. 

V.  Highlight  the  factors  whic  h  tend  to  rank-order  the  remaining  alternatives.  Sensitivity  to  kev 
variables,  robustness  to  counterac  tion,  preservation  of  the  flexibility  for  resolution  by  later  decision, 
contribution  to  longer  term  goals,  and  deferral  ol  resource  requirements  ire  examples  of  factors  that 
mav  be  ol  interest  in  discerning  which  alternative  is  best. 

II).  Reexamine  the  status  quo  alternative  in  the  light  of  the  new  insights.  It  may  well  be  better  than 
was  realised,  or  such  a  bad  choice  as  to  make  otherwise  unattractive  alternatives  quite  appealing. 
When  no  othet  alternative  is  c  learly  superior,  the  status  quo  alternative  probably  should  be  chosen.  In 
other  words,  the  current  system  probably  should  vein  the  "ti^s"  because  of  less  uncertainty  as  to  what 
it  is.  can  do,  and  costs. 

If  the  conclusions  and  recommendations  include  identification  if  a  preferred  alternative,  the 
criterion  of  choice  must  lie  explicit.  Cwiod  operations  research  practice. suggests  severr.l  criteria  of 
choice  and  association  with  each  of  the  alternatives  showing  most  promise. 

45-3.12  THE  DRY  RUN 

At  the  outset  of  a  COE  A,  one  should  work  through  all  of  the  previous  steps  using  such  data  as  are 
available.  This  dry  run  exercise  should  be  done,  if  possible,  when  preparing  the  study  plan.  In  any 
event,  it  should  be  done  during  the  first  half  of  the  study  I  '  is  practice  insures  that  the  Icgic  tracks 
from  cieginning  to  end  and  that  the  work  that  must  be  done  during  the  study  is  reasonable  well  under¬ 
stood.  The  subsequent  study  probably  won’t  work  out  exactly  as  planned,  but  the  analyst  will  lie  bet¬ 
ter  prepared  to  cope  with  the  unexpected  things  that  occur. 

45-3.13  SIMPLIFY  THE  MODELS 

Experience  indicates  that  the  time  spent  making  models  more  elaborate  doubly  subtracts  from  the 
time  available  to  do  the  substantive  wofk  of  the  COEA.  Conversely,  the  time  spent  simplifying  exist¬ 
ing  models  —  paradoxically  —  adds  to  the  time  available  for  thought  The  analyst  who  becomes  fas¬ 
cinated  by  the  shovel  and  digs  not  the  ditch  deserves  to  be  inundated  by  the  flood  which  surely  will 
follow. 

45-3.14  THE  COEA  REPORT 

COEA  reports  should  be  as  brief  as  possible  and  wiitten  as  plainly  as  possible.  They  are  not  a 
proper  vehicle  for  publication  of  technical  methods  of  interest  mainly  to.  the  analyst.  The  style  of  expo¬ 
sition  can  vary  widely  and  still  lie  effective.  Whatever  the  style,  the  report  normally  should  include  the 
ten  subanalyses  discussed  in  this  chapter.  And  in  the  absence  of  good  analysis,  the  report  will  be  use¬ 
less  regardless  of  editorial  appeal. 

45-4  HOW  TO  GET  A  COEA  DONE 
45-4.1  PLANNING  FOR  A  COEA 

The  responsible  action  officer  should  start  thinking  about  the  COEA  update  in  sufficient  time  to 
support  the  next  decision  milestone.  He  should  see  that  the  following  activities  are  accomplished: 

1.  Identification  of  criticial  issues,  particularly  issues  that  were  raised  and  unresolved  i.i  earlier 
parts  of  the  decision-making  process. 

2.  Identification  of  alternatives  raised  subsequent  to  the  most  recent  program  decisions. 
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3.  Roughing  out  what  will  have  to  be  done  in  the  next  COEA. 

4.  Workmg  out  when  to  begin  formal  planning  and  execution  in  order  to  finish  the  COEA  so  it 
will  be  responsive  to  the  next  decision  milestone. 

5.  Identification  of  data  needed,  especially  from  testing,  and  initiate  actions  to  obtain  the  data. 
The  testers  should  be  involved  early  so  that  they  know  test  requirements. 

The  action  officer  should  continuously  monitor  critical  variables  to  which  the  previous  studies  and 
decisions  were  sensitive.  significant  change  (i.e.,  one  that  might  biing  into  serious  question  the  pre¬ 
vious  decisions)  should  trigger  an  immediate  reaction  to  update  the  COEA. 

45-4.2  THE  STUDY  DIRECTIVE 

The  study  directive  should  be  initiated  at  a  time  dictated  by  the  schedule  discussed  in  par.  45-4.1. 
The  study  sponsor  (in  coordination  with  the  study  agency)  should  prepare  and  distribute  an  initial 
draft  directive  to  interested  parties  and  ask,  “What  do  you  consider  to  be  the  issues  regarding  system 
X?’".  Based  ort  the  responses,  the  study  sponsor  should  issue  a  draft  directive  to  the  study  agency.  The 
study  agency  should  prepare  an  outline  study  plan  and  a  proposed  directive.  The  outline  study  plan 
should  indicate  how  the  study  agency  proposes  to  do  the  work,  and  it  should  show  the  extent  to  which 
the  issues  and  alternatives  are  planned  to  be  treated  in  the 'COEA.  A  prestudy  planning  session  of  ma¬ 
jor  HQ  DA/MACO.Vl*  participants  (general  officers  and  civilian  equivalents)  should  then  be  held  to 
finalize  issues  and  alternatives,  and  to  agree  on  the  outline  plan  of  study.  The  study  sponsor  should 
then  issue  a  study  directive  and  work  slvould  proceed.  This  procedure  invblvcs  the  study  doer  in  the 
process  of  formulating  the  directive  and  provides  the  best  chance  that  the  study  will  be  responsive  to 
the  needs  as  perceived  by  higher  headquarters. 

The  approach  described  in  the  previous  paragraph  is  not  intended  as  prescriptive  of  the  procedure 
which  must  be  followed  but,  instead,  as  descriptive  of  a  procedure  which  when  followed  well  is  *uc- 
cessful.  Simpler  procedures  for  preparation  and  issuance  of  the  directive  are  appropriate  to  many 
cases.  In  any  event,  the  prime  focus  should  be  on  the  content  of  the  directive  rather  than  the  paper¬ 
work  flow  pattern. 

45-4-3  THE  STUDY  PLAN 

The  study  plan  should  parallel  steps  discussed  in  par.  45-2  -  -  tell  what  will  be  done  in  each  step  and 
how  and  when  it  will  be  done.  Involve  testers  early  so  that  they  will  know  test  requirements  and  will  be 
able  to  generate  data  in  the  form  needed. 

Check  out  the  plan  by  conducting  a  dry  run  analysis  as  described  in  par.  45-3. 

45-4.4  THE  SCHEDULE 

.  COEA’s  must  be  scheduled  so  that  their  results  will  be  useful  in  the  decision  made  as  part  of  the 
ASARC/DSARC*  process  and  the  planning,  programming,  and  budgeting  cycle.  Initial  planning 
usually  provides  for  this,  but  program  revisions  often  create  problems  of  asynchronism.  For  example, 
COEA  analyses  are  sometimes  desired  to  be  completed  in  step  with,  or  even  before,  provision  of  data 
acquired  during  DT/O'P  tests.  Ir.  such  cases,  “work  arounds"  are  necessary.  Analyses  can  be  done 
based  on  forecast  performance  and  validated  when  test  data  are  available,  interim  test  data  can  be 

•MACX'M  ■  major  command 

ASARC  •  Army  Systems  Acquisition  Review  Council 
DSARC  •  Defense  Systems  Acquisition  Review  Council 

tDT  *  Development  Testing 
OT  m  Operational  Testing 
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provided  even  while  tes's  are  in  progress.  Partial  analyses  can  be  provided  pending  availability  of  com¬ 
pleted  work.  There  is  a  clear  need  for  a  continuing  effort  to  provide  COEA  results  when  they  are  use¬ 
ful.  There  i»  no  pat  solution  that  will  apply  to  all  situations  but  in  most  cases  a  way  can  be  found 
It  is  good  practice  to  plan  to  complete  all  of  the  work  in  no  more  than  about  half  of  the  remaining 
time.  Whatever  the  constraints  of  the  time  available  to  do  the  COEA,  it  is  also  good  practice  to 

1.  Plan  for  thoughtful  interpretation  of  the  results  of  the  effectiveness  analysis  and  cost  analysis. 
An  arrangement  that  contemplates  continued  computer  runs  up  to  very  near  the  study  deadline  in¬ 
vites  disaster.  The  results  will  not  be  understood,  rffcctively  explained,  or  accepted. 

2.  Plan  for  introduction  of  new  alternatives  that  emerge  from  the  work  done  in  the  early  portions 
of  the  study., 

3.  Plan  for  adequate  analysis  of  the  alternatives,  issues,  and  “What  ifs?"  that  almost  inevitably 
will  arise  during  staffing  of  the  draft  report. 

The  demanding  and  sometimes  conflicting  schedule  requirements  described  in  this  paragraph  can 
be  accommodated  mainiy  to  the  extern  that  “coarse  grain"  methods  of  analysis  are  used. 

45r4.5  GUIDING  A  COEA 

A  most  important  act  in  guiding  a  COEA  is  the  preparation  of  a  stuuy  directive  that  will  lead  to  a 
sensible  study  plan.  A  second  is  the  provision  of  adequate  resources  and  access  tc  information  to  do  the 
study.  A  third  is  refraining  from  the  provision  of  excess  and  contradictory  guidance  to  the  pnidy  team. 
Each  act  sounds  easy  but  does  not  occur  always. 

Most  COEA  studies  are  provided  a  SAG.  The  SAG  is  intended  to  do  the  following: 

1.  Prov.de  advice  to  the  study  team. 

2.  Provid  •  assistance  to  the  study  team  primarily  with  regard  to  threat  information,  technical 
methods,  input  data,  and  costing.  Subcommittees  are  helpful  in  this  regard. 

3.  Keep  the  Army  participants  in  the  acquisition  process  informed  on  study  progress  and  results. 
Observers  from  outside  the  Army,  e  g.,  OSD,  should  be  invited  when  the  issue  is  of  direct  interest  to 
them. 

A  SAG  is  successful  to  the  extent  that: 

1.  The  SAG  Chairman  is  a  person  of  high  ability  who  can  stay  on  the  job  throughout  the  study 
and  who  runs  orderly  meetings. 

2.  The  SAG  members  are  knowledgeable  about  COEA  and  their  areas  of  interest,  and  stay  on 
the  job  throughout  the  study. 

3.  Hie  needed  advice  and  assistance  are  provided  early  in  the  study  when  they  are  mos»  useful. 
(The  SAG  should  have  finished  welt  over  two-thirds  of  its  work  when  the  study  is  one-third  done.) 

When  these  conditions  for  success  are  present,  the  SAG  helps  more  titan  it  hurts.  When  these  con¬ 
ditions  are  not  ntostly  met,  the  SAG  fails  and  must  be  changed  so  that  favorable  conditions  are 
present. 

45-4.6  REVIEWING  A  COEA 

The  Wowing  questions  can  serve  as  a  checklist  when  reviewing  the  quality  of  a  gOEA: 

1.  Is  the  problem  stated  the  real  problem7 

2.  is  »he  context  (environment,  scenario,  ard  threat)  representative? 

3.  Are  assumptions  stated  and  reasonable? 

4.  Are  the  constraints  unduly  restrictive?  Are  they  really  constraints? 

5.  Are  there  threats  rather  than  a  threat? 
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6.  Are  any  feasible  and  significant  alternatives  omitted? 

7.  Are  the  stated  “facts”  correct?  Are  the  sources  given? 

8.  Are  there  measures  of  effectiveness  rather  than  a  measure  of  effectiveness? 

9.  Are  the  measures  of  effectiveness  appropriate  to  the  mission  objectives? 

10.  Are  there  costs  rather  than  a  cost? 

11.  Are  all  the  relevant  costs  considered? 

12.  Are  the  models  (costs  and  effectiveness)  adequately  identified  and  explained? 

13.  Are  the  models  (costs  and  effectiveness)  appropriate  for  estimating  values  of  the  measures? 

14.  Are  there  sensitivity  analyses? 

15.  Have  the  critical  variables  been  identified? 

16.  Is  there  a  presentation  of  all  the  costs  and  effectiveness  measures  for  all  the  alternatives? 

1 7.  Are  the  criteria  for  suggesting  the  order  of  preference  of  the  alternatives  meaningful  ?  Are  they 
consistent  with  higher  echelon  objectives? 

18.  Has  the  COEA  taught  anything  not  already  known? 

19.  Are  the  conclusions  and  recommendations  intuitively  satisfying?  If  not,  are  they  convincing¬ 
ly  substantiated? 

20.  Is  the  study  adequately  documented  to  include  key  input  data? 

If  the  answers  are  yes,  you  have  just  reviewed  a  COEA  that  probably  is  good  If  some  are  no,  you 
probably  have  just  reviewed  a  COEA  which  was  prepared  by  persons  who  hat :  not  adopted  the  prac¬ 
tices  encouraged  in  the  several  paragraphs  of  this  chapter. 
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CHAPTER  46 

COST  AND  OPERATIONAL  EFFECTIVENESS  ANALYSIS  OF  THE 
WICV-WOW  ARMORED  INFANTRY  FIGHTING  VEHICLE 


A  cost  and  operational  effectiveness  analysis  ( COE  A )  of  an  armored  infantry  fighting  vehicle,  the  WICl '-  WO  W,  is 
discussed  in  this  chapter.  The  evaluation  is  carried  out  on  the  basis  that  such  a  vehicle  should  have  the  capability  not 
only  to  carry  mounted  infantry,  but  it  should  also  possess  the  capability  to  kill  enemy  tanks  occasionally,  conduct  some 
suppressive  fire,  permit  riflemen  to  fire  from  ports  while  riding  in  it,  and  perhaps  even  change  the  tide  of  some  close  com¬ 
bat  engagements.  Indeed,  the  li  'ICl  ’-  H  0  H  ’  type  vehicle  should  be  able  to  operate  effectively  in  both  the  mechanized  in¬ 
fantry  role  and  also  the  armored  cavalry  role,  often  conducting  scout  type  activities  as  well:  Although  parts  of  the 
operational  effectiveness  issues  have  to  be  judged  on  a  subjective  basis  covered  herein,  many  of  the  important  combat 
capabilities  may  be  evaluated  on  a  quantifiable  basis,  and  the  costs  and  operational  effectiveness  parameters  may  be  in¬ 
tegrated  into  an  overall  measure  of  effectiveness  (  AIDE). 

Our  example  centers  around  a  COEA  study  of  parameters  for  the  WICV-WOW  armored  infantry  fighting  vehicle, 
i.e.,  a  hypothesized  member  of  a  combined  arms  team.  The  material  presented  here  is  more  or  less  an  executive 
summary. 


-16-0  LIST  OF  SYMBOLS 

FER  =  fractional  exchange  ratio  (See  Eq.  46-2) 

—  (fraction  of  Red  equipment  losses)/ (fraction  of  Blue  equipment  losses) 
LER  -  loss  exchange  ratio  (See  Eq.  46-1) 

=  (number  of  Red  equipment  losses)/ (number  of  Blue  equipment  losses) 
RC  =  relative  cost  normalized  on  the  base  case 
RE  =  relative  effectiveness  normalized  on  the  base  case 
RW  =  RE/ RC  -  relative  worth 


46-1  INTRODUCTION 

Whereas  the  major  portion  of  this  handbook  covers  the  principles  of  effectiveness  analyses,  or  the 
evaluations  of  weapons  or  weapon  systems,  Chapters  34,  35,  and  36  discuss  the  estimation  and 
analysis  of  costs  of  sy:  terns,  and  Chapter  37  introduces  the  reader  to  cost-effectiveness  studies.  The 
present  chapter  is  devoted  to  the  discussion  of  a  cost  and  operational  effectiveness  analysis  (COEA) 
type  of  study.  Our  prime  objective  in  a  COEA  is  to  try  to  integrate  the  system  costs,  its  “operational” 
capabilities,  and  its  effectiveness  on  the  battlefield  into  a  single  or  overall  type  of  study.  Thus,  the 
systems  analyst  in  a  COEA  must  bring  together  in  a  single  package  all  of  the  important  analytical 
aspects  of  any  system 
maker.  Chapter  45  givj 
formed  and  how  they 
to  illustrate  a  COEA. 


being  evaluated  and  present  these  in  a  very  systematic  manner  for  the  decision 
jss  a  discussion  and  the  recommended  procedure  of  how  COEA’s  should  be  per- 
it  into  the  Army  weapon  programs.  Therefore,  in  this  chapter  we  will  attempt 
[Unfortunately,  at  the  time  of  preparation  of  this  handbook,  rhere  did  not  seem 
to  exist  a  good,  unclassified  example  of  a  typical  COEA  or  one  that  was  fully  staffed  ana  approved  by 


the  Department  of  the 
some  of  the  aspects  of] 


|Army.  Therefore,  we  had  to  take  the  liberty  to  bring  together  those  remnants  of 
COEA’s  which  would  at  least  illustrate  the  procedure  for  a  very  hypothetical 


case.  In  addition,  however,  we  also  take  the  time  to  criticize  our  example  insofar  as  the  state  of  the  art 


46-1 


jARCOM-P  706-102 


is  concerned.  Hopefully,  therefore,  the  material  presented  in  this  chapter  wi  ■  at  least  give  the  young 
analyst  a  suitable  introduction  to  the  problem  of  COEA’s  since  it  currently  appears  that  the  more  or 
less  “standard”  evaluations  of  future  weapon  systems  will  center  around  the  general  principles  of  cost 
and  operational  effectiveness  analyses.  We  are  a  long  way  from  attaining  solid  analytical  descriptions 
of  all  of  the  “operational”  characteristics  of  weapon  systems  in  the  field  under  combat  conditions, 
although  we  can,  for  example,  estimate  system  reliability  and  effectiveness  measures  such  as  kill 
probabilities  fairly  well  indeed.  In  addition,  the  problem  of  integrating  system  costs,  effectiveness,  and 
operational  capabilities  may  not  be  straightforward. 

With  this  preliminary  introduction,  we  now  turn  to  a  brief,  broad  historical  description  of  just  what 
might  typically  lead  up  to  the  present  type  of  COEA.  We  draw  upon  Ref.  1. 


46-2  PERTINENT  HISTORICAL  BACKGROUND 

Prior  to  about  1964,  the  Army  required  a  protected — but  not  an  armored  fighting — vehicle  to 
transport  infantry  personnel  on  the  battlefield.  The  Ml  13  series  of  armored  personnel  carriers  (APC) 
was  developed  over  the  years  to  meet  this  requirement  of  mechanized  infantry  doctrine,  and  studies 
conducted  between  about  1964  and  1972  concluded  that  a  “weaponized”  infantry  combat  vehicle 
(WICV)  with  a  stabilized  automatic  cannon  of  about  27  mm  would  be  required  to  provide  the 
‘lightly  armored”  fighting  vehicle  desired  for  the  1982  time  frame.  A  concurrent,  but  separate,  opera¬ 
tions  research  type  study  conducted  during  1968  resulted  in  a  qualitative  materiel  requirement 
(QMR)  for  an  armored  reconnaissance  scout  vehicle  to  replace  the  Ml  13  as  the  Army’s  scout  vehicle. 
In  fact,  a  study  subsequent  to  1968  and  some  prototype  testing  of  possible  candidate  vehicles  led  to 
the  conclusion  that  the  current  scout  platoon  organization  lacked  both  sufficient  antitank  and  long- 
range  suppressive  fire  capabilities,  even  when  equipped  with  existing  prototype  vehicles.  This  led  to 
Department  of  the  Army  approval  of  a  conceptual  armored  cavalry  platoon  consisting  of  two  WICV- 
WOW”  (weaponized  infantry  combat  vehicles  with  weapon-launched-optically  tracked-wire  com¬ 
mand  link  antitank  guided  missile)  vehicles,  three  scout  vehicles  with  cannon,  and  four  chief  battle 
tanks  (CB  I").  WOW  antitank  capability  was  covered  in  Chapter  42. 

Finally,  a  task  force  review  at  the  Department  of  the  Army  level  of  the  entire  infantry  combat  vehi¬ 
cle  and  scout  vehicle  programs  directed  that: 

1.  Former  materiel  need/engineering  development  (MN/ED)  documents  be  revised  to  provide  for 
a  two-man  weapons  station  mounting  both  the  27-mm  and  the  WOW  weapons  in  all  WICV’s. 

2.  The  WICV,  with  appropriate  interior  modifications  if  necessary,  be  capable  of  operating  in  both 
the  mechanized  infantry  and  the  armored  cavalry  roles.  In  this  connection,  a  single  study  effort — 
COEA — was  decided  upon  to  evaluate  both  the  WICV  and  armored  scout  vehicle  concepts.  In  fact, 
this  COEA  was  conducted  to  select  the  preferred  alternative  for  future  WICV-type  systems  program 
reviews  and  is  the  one  covered  in  this  chapter. 

The  primary  objectives  of  this  COEA  are: 

1.  To  quantify  all  probable  candidate  alternative  vehicles  in  terms  of  their  operational  effectiveness, 
cost,  and  overall  integration  of  cost  and  operational  effectiveness 

2.  Recommend  if  possible  a  preferred  alternative  vehicle  based  on  the  integrated  COEA  rankings, 
which  may  be  coupled  with  and  tempered  by  expert  military  judgment 

3.  Especially  demonstrate  effective  antitank  capability. 
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46-3  SKETCH  OF  THE  ORGANIZATIONAL  ROLES  AND  FUNCTIONS  AS  THEY 
AFFECT  THE  SCOPE  OF  THE  WICV  COEA 

In  performing  the  YVICV-WOW  COEA,  we  must  keep  in  mind  the  two  rather  distinct  combat  roles 
the  Army  has  in  mind,  i.e.,  the  mechanized  infantry  role  and  the  armored  cavalry  role. 

Concerning  the  mechanized  infantry  role,  the  WICV-WOYV  would  engage  in  very  heavy  fighting 
and  would  be  expected  to  perform  as  an  antitank  weapon  system  when  needed.  Thus,  the  YVICV- 
WOW  would  be  exjpected  to  perform  well  in  both  defensive  and  offensive  operations  in  Europe,  and 
its  prime  role  in  other  areas  of  the  world  might  be  that  of  proving  its  value  in  the  offensive  role. 

In  the  armored  cavalry  role,  the  YVICV-YY'OYY'  would  not  engage  in  heavy  fighting,  but  rather  it 
would  be  depended  upon  to  conduct  reconnaissance  operations,  screen  our  forces,  scout  for  any  infor¬ 
mation  of  value,  and  hence  protect  our  primary  forces,  especially  perhaps  by  precluding  surprise  at¬ 
tacks  by  the  enemy.  Thus,  in  the  armored  cavalry  role,  the  WICV-YVOYV  would  aid  greatly  in  covering 
force  operations,  be  effective  in  screening,  and  provide  very  valuable  service  in  movement-to-contact 
operations.  (As  of  the  present  time,  it  is  rather  widely  recognized  that  the  armored  cavalry  role  would 
be  difficult  to  evaluate  analytically;  accordingly,  a  map  exercise  or  manual  type  war  game  might  well 
be  necessary). 

Finally,  in  both  roles,  the  suppressive  fire  of  the  WICV-YVOW  might  be  very  effective  since 
automatic  cannon  can  be  used  efficiently  here.  Moreover,  it  should  be  kept  in  mind  that  the  WICV- 
YVOW  type  weapon  system  would  no  doubt  be  quite  helpful  in  increasing  somewhat  the  survivability 
of  our  CBT. 

It  is  of  some  interest  to  discuss  briefly  approximate  organizational  aspects  and  tentat  ive  concepts  of 
organization  and  equipment  brought  on  by  deployment  of  the  WICV-WOYV.  These  concepts  and 
ideas,  as  could  best  be  judged  at  the  time,  are  discussed  in  the  paragraphs  that  follow. 

In  the  mechanized  infantry  role,  the  concept  arrived  at  was  one  WICV  per  rifle  squad,  but  for  the 
platoon  there  would  be  an  extra  WICV  in  addition  to  one  each  for  the  three  rifle  squads.  At  the  rifle 
company  level,  the  three  platoons  would  then  have  a  total  of  16  WICV’s  including  four  additional 
WICV’s  equipped  with  81-mm  mortars.  At  the  battalion  level  there  would  be  48  plus  18,  or  66 
WICV’s,  including  five  with  mortars.  The  mechanized  infantry  battalion  would  consist  of  about  850 
men. 

For  the  armored  division  (which  is  not  evaluated  in  this  COEA),  it  was  projected  that  a  tank  pla¬ 
toon  would  be  equipped  with  five  tanks,  and  the  tank  company  would  be  equipped  with  3  X  5  +  2,  or 
17  tanks.  At  the  tank  battalion  level,  the  concept  was  to  have  17  X  3  +  3.  or  54  tanks  with,  in  addition, 
6  WICV’s  including  4  with  mortars.  There  would  be  abcut  550  men  per  tank  battalion. 

For  the  present  cost  and  operational  effectiveness  analysis,  it  was  decided  to  evaluate  these  project¬ 
ed  organizational  elements  in  the  simulations. 

In  keeping  with  the  scope  of  the  present  COEA,  it  was  decided  to  conduct  the  evaluation  based  on 
the  approved  European  I  and  Middle  East  II  scenarios,  and  the  approved  threat  and  doctrine  which 
were  postulated  for  the  1982  time  frame. 

For  the  mechanized  infantry  mission  directed  by  the  Department  of  the  Army  level  task  force,  both 
defensive  and  offensive  operations  in  Europe  would  be  played  in  a  realistic  computerized  combat 
simulation,  whereas  only  offensive  operations  for  the  Middle  East  conflict  would  be  played. 

For  the  armored  cavalry  type  mission,  on  the  other  hand,  covering  force  operations  in  Europe  and 
movement  to  contact  for  the  Middle  East  simulation  would  be  played  and  evaluated. 
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.  It  was  decided  that  alternatives  would  be  examined  primarily  at  the  company-team/troop  level  with 
these  units  employed  as  members  of  a  combined  arms  team.  A  division  level  excursion  w'as  conducted 
for  mechanized  infantry  in  the  defense. 

For  evaluating  the  scout  role,  the  armored  cavalry  platoon,  Table  of  Organization  and  Equipment 
(TOE)  17-307H,  wo-. I,-  serve  as  the  basic  organization,  whereas  the  battalion  scout  platoon  would  be 
evaluated  separately  in  a  manual  war  game. 

Any  night  operations  were  to  be  addressed  by  means  of  an  analysis  of  data  available  from  the  Fort 
Knox  night-fighting  test  results. 

As  some  final  comments  of  interest  concerning  the  intended  scope  and  intent  of  the  VVICV-WOW 
OOEA,  it  is  noted  that  current  Army  doctrine  centers  around  the  desired  use  of  a  WICV  type  vehicle 
and  the  CBT  to  be  integrated  into  a  combined  arms  team,  so  that  for  the  first  time  our  combined  arms 
forces  can  fight  in  a  mounted  posture.  In  order  to  fulfill  the  intended  combined  arms  role,  it  will  be 
necessary  for  the  WICV  to  be  able  to  keep  up  with  our  unique  CBT  which  is  capable  of  cross-country 
speeds  up  to  about  43  km/h.  There  was  much  concern  that  an  infantry  fighting  vehicle  might  be 
fielded  that  was  too  slow,  too  tall,  less  protected — making  it  a  “sitting  duck” — and  much  more  con¬ 
spicuous  due  to  smoke  and  noise  from  it.  If  such  were  the  case,  then  the  WICV  concept  would  not  be  a 
gain,  and  indeed  it  would  result  in  a  combat  incapability  or  inefficiency.  In  this  connection,  it  is  seen 
that  expert  military  judgment  may  well  be  required  to  evaluate  these  characteristics,  for  any  available 
analytical  models  would  fall  far  short  ol  covering  such  details  with  any  great  accuracy. 

46-4  THE  COMPETING  CANDIDATE  SYSTEMS  FOR  THE  INFANTRY 
FIGHTING  VEHICLE  (IFV)  TYPE  ROLE 

In  connection  with  the  cost  and  operational  effectiveness  analysis  of  the  combined  arms  role  for  the 
infantry  fighting  vehicle,  the  three  main  systems  to  be  considered  here  consist  of  the  Ml  13A1  Armored 
Personnel  Carrier,  the  armored  infantry  fighting  vehicle,  and  our  newly  conceived  WICV-WOW  vehi¬ 
cle  which  was  designed  to  meet  the  requirements  of  the  combined  arms  team  role.  The  vehicles  are 
now  described  briefly: 

1.  Ml  13A1.  The  Ml  13A1  is  a  tracked,  diesel-powered  vehicle,  the  primary  armament  of  which  is  a 
pintle-mounted  (one-man  weapon  station)  cal  .50  machine  gun.  The  M113A1  was  designed  for  a 
crew  of  two  with  payload  space  for  the  additional  nine  infantry  squad  members.  The  combat  weight  is 
24,590  lb.  (The  scout  vehicle  has  only  a  five-man  capacity,  including  the  crew.) 

2.  AIFV  (ARMORED  INFANTRY  FIGHTING  VEHICLE).  The  AIFV  consists  of  an  M113A1 
chassis  and  hull  but  has  the  following  modifications:  turbocharged  diesel  engine;  improved,  heavy- 
duty  transmission;  and  tube-over-bar  suspension.  The  primary  armament  of  AIFV  is  a  turret- 
mounted  (one-man  station)  Oerlikon  KBA  25  mm  dual  feed,  unstabilized,  automatic  cannon  with  a 

.  coaxial  Belgian  MAG  7.62  mm  secondary  weapon  (machine  gun).  The  vehicle  is  designed  for  a  crew  of 
two  with  space  for  only  eight  additional  infantry  squad  members  (The  scout  vehicle  has  only  a  five- 
man  capacity,  including  the  crew.).  The  combat  weight  of  the  AIFV  is  30,135  lb. 

3.  WICV-WOW  27  mm  (XM  769).  The  WICV  with  a  WOW  antitank  guided  missile  system  is  a 
tracked,  diesel-powered  type  of  infantry  combat  vehicle.  It  has  improved  cross-country  mobility  which 
is  achieved  through  a  combination  of  tube-over-bar  suspension,  dual  road  wheels,  and  greatly  im¬ 
proved  shock  absorbers.  The  primary  armament  of  the  WICV  consists  of  the  WOW  missile  system  in 
addition  to  the  turret -mounted  (one-man  weapon  station)  27  mm  XM  769  dual  feed,  stabilized 
automatic  cannon,  with  also  a  coaxial  7.62  mm  secondary  weapon  (machine  gun).  The  WICV  nor¬ 
mally  has  a  crew  of  two,  with  space  for  nine  additional  infantry  squad  members.  (The  scout  vehicle 
has  a  total  capacity  of  five  men).  Combat  weight  is  about  44,322  lb. 

46-4 
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Table  46-1  gives  a  condensed  tabulation  of  candidate  system  features  for  the  COEA. 

Table  46-2  gives  the  quantity  of  the  candidate  vehicles  which  this  COEA  will  consider  as  required. 

46-5  ASSUMPTIONS  AND  LIMITATIONS  OF  THE  INFANTRY  FIGHTING 
VEHICLE  COEA 

The  assumptions  and  limitations  that  follow  were  considered  to  be  very  desirable,  and  they 
therefore  were  specified  for  this  COEA. 

*6-5.1  ASSUMPTIONS 

Assumptions  used  in  this  analysis  follow: 

1.  All  performance  characteristics  for  each  candidate  vehicle  in  its  production  configuration  will 
be  those  properly  staffed  and  approved  by  the  US  Army  Materiel  Development  and  Readiness  Com¬ 
mand  (DARCOM),  and  they  will  be  verified  by  applicable  development  tests/operational  tests 
(DT/OT)1  wherever  possible.  . 

2.  The  final  cost  figures  for  each  alternative  are  those  determined  or  estimated  by  DARCOM  and 
approved  by  the  Comptroller  of  the  Army  (COA). 

3.  All  Blue  equipment,  force  structure,  and  doctrine  employed  in  the  COEA  are  to  be  representa¬ 
tive  of  the  1982  time  frame  as  also  is  the  postulated  Red  threat  which  will  be  simulated  in  the  evalua¬ 
tions. 

4.  Tne  RAM-D*  and  logistic  concepts,  applicable  to  this  COEA,  are  those  specified  by  the 
MN/EP  documents,  the  maintenance  support  plan  (MSP),  and  applicable  logistic  system  analyses 
prescribed  by  current  Army  doctrine. 


•RAM-D  »  reliability,  availability,  maintainability,  and  durability 


TABLE  46-1.  COEA  ALTERNATIVE  INFANTRY  FIGHTING  VEHICLES 


Alternative 

M113A1 

Brief  Description 

Current  mechanized  infantry  carrier,  with  pintle-mounted 
(or.e-man  weapon  station)  cal  .50  machine  gun. 

Combat 

Weight, 

lb 

24,590 

Squad* 

Size 

11 

AIFV 

Armored  infantry  righting  vehicle  (AIFV),  with  turret- 
mounted  (one-man  weapon  station)  25  mm  KBA  B02  dual 
feed,  unstabilized,  automatic  cannon. 

30.135 

10 

WICV-WOW 

A  new  prototype  weaponized  infantry  combat  vehicle 
(WICV),  which  is  a  tracked,  diesel-powered  infantry  com¬ 
bat  vehicle.  Ha*  improved  cross-country  mobility.  Armed 
with  WOW  antitank  guided  missiles  and  27  nun  XM  769 
automatic  cannon. 

44,322 

11 

•Include*  two-man  crew. 


TABLE  46-2.  PROBABLE  VEHICLE  QUANTITIES  TO  BE  PROCURED 


Mechanized 

Armored 

WICV  Alternative 

Infantry 

Cavalry 

Totals 

M113A1 

3222 

1746 

4968 

AIFV 

3222 

1746 

4968 

WICV-WOW 

3222 

2582 

5804 
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5.  Finally,  it  is  assumed  that  the  performance  of  each  competitive  vehicle  is  based  on  manning  it 
with  an  adequately  trained  crew — as  proper  training  and  familiarization  are  considered  essential. 

46-5.2  LIMITATIONS 

Only  a  mid-intensity  (nonnuclear)  type  of  conflict  is  portrayed  in  this  COEA,  which  certainly  seems 
appropriate  under  the  circumstances  of  this  study.  Moreover,  night  operations,  attack  helicopters,  tac¬ 
tical  aircraft,  the  family  of  scatterable  mines  (FASCAM),  and  the  cannon-launcl  ed  guided  projectiles 
(CLGF)  are  not  considered  or  played  in  this  particular  COEA.  Rather,  a  more  general  battle  model 
problem  would  have  to  be  investigated  elsewhere. 

In  connection  with  assumptions,  limitations,  and  scope  of  the  COEA  study,  a  graphical  indication 
of  the  general  methodology  is  indicated  in  Fig.  46-1.  In  fact,  Fig.  46-1  gives  a  more  or  less  graphical 
description  of  the  remainder  of  this  chapter,  and  it  is  believed  to  be  a  rather  desirable  procedure  in 
general.  Note  that  the  operational  effectiveness  analysis  (or  the  analyses)  is  (are)  carried  out,  usually 
in  the  normal  way,  and  then  the  cost  analyses  are  made  along  the  lines  of  Chapters  34,  35,  and  36. 
Then,  these  are  combined  in  a  cost-effectiveness  type  of  integration,  and  once  any  additional  impor¬ 
tant  considerations  are  determined  and  brought  into  the  COEA  study,  the  preferred  alternative  is  seen 
and  recommended. 

46-6  OPERATIONAL  EFFECTIVENESS  ANALYSES* 

For  convenience,  the  operational  effectiveness  analyses  were  divided  into  two  parts.  Some  of  the 
evaluations  could  be  studied  accurately  through  the  application  of  existing  models  or  methodologies, 
while  other  phases  of  the  overall  analysis  were  concerned  with  rather  intangible  or  subjective 
measures  which  had  to  be  determined  on  the  basis  of  expert  military  judgment.  To  approach  these 
problems,  it  was  decided  to  consider  the  following  five  different  scenarios: 

1.  Blue  defense  (Europe) 

2.  Blue  counterattack — long-range,  short-range,  and  dismounted  in  Europe 

•It  Is  not  intended  that  any  of  the  MOE’s  or  evaluations  of  this  paragraph  reflect  accurately  on  the  capability  or  perfor¬ 
mance  of  the  M113AI  or  the  AIFV.’ Therefore,  accurate  (and  hence  classified)  evaluation  data  must  be  obtained  from  ap- 
.  propriate  Army  sources. 


FIGURE  46-1.  Methodology 
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3.  Blue  covering  force — light  and  heavy  force  and  tanks  forward 

4.  Blue  attack  (Middle  East) 

5.  Blue  movement  to  contact  (Middle  East). 

Also  considered  was  the  concept  of  a  maneuver  battalion  and  scout  platoon  type  of  operation,  and  the 
results  weie  incorporated  into  the  final  judgments,  wherever  possible. 

Experience  in  the  methods  of  Army  systems  analysis,  such  as  topics  covered  in  this  handbook, 
would  indicate  that  the  relative  effectiveness  of  the  candidate  vehicles  could  be  assessed  rather  ac¬ 
curately  through  use  of  war  games  or  computerized  combat  simulations — for  example,  the  division 
battle  model  (DBM)  ol  par.  40-4. 1 1 .  Moreover,  exchange  ratios  or  any  other  type  of  measures  of  effec¬ 
tiveness  could  be  used  to  assess  relative  worths  of  the  three  vehicles.  On  the  other  hand,  scout  opera¬ 
tions,  relative  mobility  of  the  vehicles,  parts  of  movement  to  contact,  covering  force.type  activities,  and 
the  best  judgments  relative  to  the  combat  worths  of  the  three  vehicles  as  efficient  members  of  combat 
combined  arms  teams  seemed  a  bit  too  difficult  to  quantify  or  model.  In  view  of  this,  it  was  decided  to 
convene  a  panel  of  military  experts  with  combat  experience,  and  conduct  either  map  exercises,  map 
maneuvers,  or  “table  top”  simulations  as  required  to  gain  confidence  in  final  judgments.  For  this  pur¬ 
pose,  a  panel  of  fifteen  experienced  officers  of  various  grade  levels  was  selected,  given  any  needed  or 
relevant  training,  and  the  expertise  of  the  officers  sought  in  the  design  and  play  of  the  exercises. 

For  our  purposes  here,  and  considering  the  effect  on  the  overall  GOEA,  it  is  necessary  only  to  sum¬ 
marize  some  of  the  more  pertinent  findings  of  the  panel  of  military  experts.  _ 

46-6.1  MILITARY  EXPERT  PANEL  SUBJECTIVE  EVALUATIONS 

The  panel  of  military  experts  was  briefed  thoroughly  on  the  overall  problem  of  the  cosi  and 
operational  effectiveness  analysis,  and  the  experts  participated  in  the  map  exercise,  war  games,  and 
other  combat  simulations  required.  Indeed,  the  judgment  of  the  panel  on  important  events  and  critical 
decisions,  which  arose  during  the  COEA,  was  considered  very  valuable  in  many  respects.  The  panel 
members  were  in  continuous  contact  with  the  players  of  the  simulations  who  acted  as  vehicle  crews 
when  needed.  There  is,  of  course,  much  available  experience  with  the  M113A1  APC,  only  brief  ex¬ 
perience  with  the  AIFV,  and  practically  no  development  test  or  engineering  test  information  on  the 
WICV-VVOW.  As  is  often  the  case  with  many  new  or  proposed  systems,  many  subjective  assessments 
had  to  be  made  relative  to  the  WICV-VVOW,  and  these  were  quantified  as  accurately  as  possible. 

The  military  experts  seemed  quite  satisfied  with  the  firepower  capabilities  of  the  WICV-WOW  es¬ 
pecially  as  it  compared  to  that  of  the  Ml  13A1  and  the  AIFV.  Also,  they  fully  realized  that  this  part  of 
the  evaluation  would  be  accurately  accounted  for  in  war  games  or  computerized  combat  simulations. 
They  were  concerned  about  the  ability  to  fire  on  the  move  since  loss  of  accuracy  could  develop  here,  es¬ 
pecially  at  longer  ranges. 

The  problem  of  mobility  turned  out  to  be  one  of  the  major  problems  for  the  panel  to  consider 
because  it  is  important  that  infantry  fighting  vehicles  keep  pace  with  the  CBT’s.  The  average  cross¬ 
country  ipeed  of  the  CBT’s  was  projected  to  be  about  42  km/h  and,  based  on  rather  solid  past  infor¬ 
mation,  neither  the  MM3AJ  nor  the  AIFV  seemed  able  to  achieve  any  speed  approach!  hat 
capability.  Therefore  tests  were  run  at  the  Army  Combat  Development  Experimentation  <  r  at 
Fort  Ord,  CA,  involving  the  Ml  13A1  and  prototypes  of  the  CBT,  the  AIFV,  and  the  WICV-WOW  to 
aid  in  proper  assessment  of  this  problem.  It  was  found  that  both  the  M113A1  and  the  intended  design 
of  the  AIFV  would  not  meet  the  desirable  requirements  in  this  connection,  but  that  the  WICV-WOW 
could  average  somewhat  over  32  km/h  for  cross-country  runs  and  keep  pace  with  the  CBT’s  about 
92%  of  the  time.  At  the  higher  speeds,  i.e.,  39  km/h  or  more,  the  WICV-WOW  turned  out  to  be  very 
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uncomfortable — over  half  the  crew  members  complained  of  discomfort.  The  M113A1  and  the  AIFV 
had  the  same  problem.  The  VVICV-VVOW  failed  to  negotiate  some  20%  of  the  normal  terrain  and 
water  obstacles  expected  in  typical  combat  situations,  whereas  these  percentages  for  the  Ml  13A1  and 
the  AIFV  were  much  higher.  Thus,  there  seemed  to  be  no  insurmountable  problems  for  the  YVICV- 
VVOVV  and,  in  fact,  it  was  superior  to  the  other  candidates. 

Concerning  carrier  capability,  all  three  vehicles  appeared  to  satisfy  all  requirements,  either  for  the 
scout  vehicle  type  of  requirement  or  for  heavy  fighting  when  needed. 

From  the  command  and  control  standpoint,  the  VVICV-VVOW  turned  out  to  be  at  least  as  good  as 
either  the  M113A1  or  the  AIFV.  In  fact,  crews  feit  much  more  secure  and  could  conduct  their  func¬ 
tions  better  and  easier  in  the  WICV-VVOVV. 

On  the  matters  of  vulnerability  and  survivability  on  the  battlefield,  it  is  known  that  none  of  th ;  can¬ 
didate  infantry  fighting  vehicles  could  survive  in  direct  battles  with  enemy  tanks  or  many  antitank 
weapons.  Moreover,  vulnerability  calculations  by  the  US  Army  Ballistic  Research  Laboratory  es¬ 
timated  the  WICV-VVOW  to  be  perhaps  somewhat  more  vulnerable  than  either  the  M113A1  or  the 
AIFV  because  it  is  somewhat  larger  than  either.  Hence,  it  became  necessary  to  settle  such  a  problem 
in  the  actual  combat  simulations  described  in  the  sequel. 

Panel  officers  felt  both  the  Ml  13A1  and  the  AIFV,  due  to  their  armament,  should  rareiy  engage  in 
heavy  fighting.  Rather,  they  should  hide  and  ambush  wherever  possible. 

The  panel  of  military  experts  judged  the  WICV-WOW  to  be  at  least  as  acceptable  as  the  Ml  13A 1 
or  the  AIFV  in  scout  or  reconnaissance  operations,  night  operations,  and  dismounted  operations. 
Moreover,  expected  logistic  burdens  seemed  to  cause  no  formidable  problems  for  any  of  the  com¬ 
petitors. 

.  Finally,  the  panel  was  very  much  concerned  about  the  noise,  smoke,  and  dust  of  all  three  candidate 
systems — especially  the  WICV-WOW,  because  they  could  be  more  easily  detected  on  the  battlefield 
than  the  CBT  and,  therefore,  much  enemy  fire  could  be  brought  to  bear  upon  them.  Hence,  the  panel 
of  experts  recommended  that  a  special  engineering  study  be  initiated  to  correct  this  problem.  The  cost 
of  the  WICV-WOW  seemed  quite  high  indeed  to  panel  members  (see  par.  46-7);  therefore  this 
fighting  vehicle  must  “prove  its  worth”  and  desirability  in  a  cost  and  effectiveness  type  study. 

Thus  it  is  readily  seen  by  the  reader  that  some  parts  of  a  COEA  have  to  be  judged  or  determined  by 
nonquantifiable  methods. 

46-6.2  AVAILABILITY  AND  RELIABILITY  DURING  MISSION  SCENARIOS 

An  appropriate  and  important  evaluation  to  be  made  in  COE. Vs  concerns  that  of  system 
availability  a"d  system  reliability.  The  procedures  and  analysis  techniques  of  Chapter  21  were  em¬ 
ployed,  and  the  system  characteristics  exhibited  in  Table  46-3  developed.  The  point  estimates  are 
given  and  are  self-explanatory. 


TABLE  46-3.  SYSTEM  AVAILABILITY  AND  RELIABILITY 


System  Candidate 

Availability 

Reliability 
During  Mission 

Overall  Performance 
Reliability 
( Product  ^ 

MIlMl 

0.9j 

0.95 

0.88 

AIFV 

0.91 

0.94 

0  86 

WICV-WOW 

0.90 

0.93 

0.84 
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On  road  tests  and  cross-country  runs,  evaluations  indicated  that  the  combinations  of  engine, 
transmission,  road  wheels,  and  tracks  would  have  just  about  the  same  mean-miles-to-failure  for  all 
thiee  competing  vehicles.  Thus,  there  did  not  seem  to  be  any  special  problem  for  the  WICV-WOW  in 
this  area. 

Finally,  maintenance  problems  for  each  of  the  three  candidate  systems  were  judged  to  be  about 
equivalent  as  determined  by  Army  logistic  personnel  and  vehicle  mechanics. 

46-6.3  COMBAT  TYPE  OPERATIONAL  AND  EFFECTIVENESS  ANALYSES 

With  reference  to  the  combat  type  operational  and  effectiveness  analyses,  battle  simulations  were 
conducted  based  especially  on  the  TRADOC  Standard  Scenarios  Europe  I,  Sequences  2  and  2a;  and 
the  Middle  East  II,  Sequence  3.  As  explained  in  the  sequel,  the  loss  exchange  ratio  ( LER ),  i.e.,  the 
ratio  of  the  number  of  Red  equipment  losses  to  the  number  of  Blue  equipment  losses,  was  considered 
adequate  for  the  primary  measure  of  effectiveness  (MOF)  in  this  evaluation.  Moreover,  no  attempt 
was  made  to  determine  the  weapon  equivalence  values  of  the  systems  employed  in  the  simulation  as 
discussed  in  Chapter  30  because  the  military  experts  considered  the  breakpoints  of  the  battle  would 
Surely  be  reached  when  about  50%  of  the  equipment  on  either  side  was  defeated  or  put  out  of  action 
regardless  of  the  types  of  systems  defeated.  For  the  simulations,  two  rather  high  resolution  models, 
TRACOM  and  CARMONETTE,  were  used  to  simulate  combat  operations  at  the  company- 
team/troop  level  of  action.  Also,  a  division  level  excursion  was  conducted  for  mechanized  infantry  in 
the  defense  role  in  Europe  using  the  division  battle  model  (DBM)  of  par.  40-4.11. 

Operational  effectiveness  analyses  were  conducted  for  each  of  the  alternatives  in  the  five  scenarios 
(par.  46-6),  representing  three  mechanized  infantry  and  two  armored  cavalry  scenarios  for  the  1982 
time  frame.  As  very  brief  descriptions  of  the  models,  we  might  say  that  the  TRASANA*  combat  model 
(TRACOM)  is  a  deterministic  combat  simulation  of  model  which  has  been  modified  fora  COEA  of 
the  type  presented  here  to  incorporate  defender  moves,  smoke  operations,  and  concealed  defender 
routines  over  the  battlefield.  TRACOM  was  used  in  simulations  of  the  mechanized  infantry  opera¬ 
tions.  CARMONETTE  was  employed  in  the  simulation  of  the  armored  cavalry  scenarios  and  is  the 
Monte  Carlo,  critical-event-sequcnced  combat  model  as  explained  in  par.  40-4.4. 

The  major  Blue  and  Red  weapon  systems  used  in  the  combat  simulations  for  Europe  and  the  Mid¬ 
dle  East  are  listed  in  Table  46-4;  the  “alternative”  is  the  Ml  13A1,  the  AIFV,  or  the  WICV-WOW 

•TRASANA  ■  TRADOC  Systems  Analysis  Activity 


TABLE  46-4 

MAJOR  BLUE  AND  REO  WEAPON  SYSTEMS  PLAYED  IN  THE  COMBAT  SIMULATIONS 


Mechanized  Infantry  Role 

Armored  Cavalry  Role 

Blue  System* 

Red  Systems 

Blue  Systems 

Red  Systems 

CBT 

R10 

CBT 

RIO 

EUROPE 

DRAGON 

BMP 

MAW 

BMP 

ALTERNATIVE 

BRDM 

WOW 

BRDM 

WOW 

ZAGGER 

ZWATTER 

ALTERNATIVE 

ZACGER 

CBT 

T62 

CBT 

T62 

MIDDLE  EAST 

DRAGON 

BMP 

MAW 

BMP 

ALTERNATIVE 

BRDM 

SPG-9 

ALTERNATIVE 

i  T54 

46-9 


DARCOM-P  706-102 


weapon  systems.  These  combined  arms  combinations  were  selected  by  the  panei  of  military  experts  as 
being  the  most  promising  ones  for  the  expected  or  typical  conflicts  for  the  immediate  future. 

As  indicated  previously,  the  LER  is  defined  as 

LER  =  (number  of  Red  equipment  losses)/ (number  of  Blue  equipment  losses).  (46-1) 

There  was  much  discussion  that  the  LER  is  the  best  MOE  for  all  combat  simulations,  but  several  of 
the  panel  members  pointed  out  the  weakness  of  the  LER.  They  indicated  the  LER  may  not  be  very' 
descriptive  of  systems  such  as  the  Mli3Al  or  even  the  AIFV  when  equipped  with  smaller  caliber 
weapons  such  as  the  cal  .50  or  the  20  mm  automatic  weapons  and,  therefore,  should  not  necessarily  be 
depended  upon.  Indeed,  it  was  not  really  expected  that  such  systems  would  participate  in  any 
predominant  way  in  the  direct  fire  battles;  rather,  if  at  all  possible,  they  would  best  hide  and  only  oc¬ 
casionally  ambush  enemy  weapon  systems.  It  was  decided,  therefore  tor  these  cases,  to  use  what  is 
referred  to  as  the  fractional  exchange  ratio  (EF.R),  which  is  defined  as 

number  of  Red  equipment  losses 
initial  Red  equipment  strength 

FER  - - — - - -  (46.2) 

number  of  Blue  equipment  losses 

initial  Blue  equipment  strength 

The  LER  is  certainly  easy  enough  to  comprehend,  and  FER  -  LER  when  initial  Red  and  Blue 
strengths  are  equal.  It  is  seen  that  if  the  FER  exceeds  unity,  Red’s  fractional  losses  from  the  start  of 
battle  increase  faster  than  Blue’s.  Hence  Bice  is  gaining  an  advantage,  so  to  speak. 

It  is  realized  that  neither  the  LER  nor  the  FER  could  be  the  most  accurate  descriptors  of  battle 
potential  although  they  were  considered  to  be  adequate  and  useful  in  this  COEA.  Also,  as  many  ex¬ 
perienced  analysts  have  commented,  such  ratios  often  leave  much  to  be  desired  as  overall  descriptors. 

Generally  speaking,  the  Scenario  Oriented  Recurring  Evaluations  System  (SCORES)  was  used  to 
develop  the  various  operational  scenarios  needed  for  the  battle  plays  and  evaluations.  For  the 
mechanized  infantry  combat  situations,  the  Red  to  Blue  force  ratio  was  taken  as  3.5  to  1,  and  battle 
simulations  run  in  the  West  Germany  region.  A  summary  of  these  results  is  given  in  Table  46-5.  It  is 
seen' that  the  M113a1  and  the  AIFV  would  not  stem  the  tide  of  the  advancing  Red  forces,  but  the 
WICV-WOW  could  at  least  bring  on  a  draw.  The  relative  effectiveness  of  the  WICV-WOW  nor¬ 
malized  on  the  M113A1  turns  out  to  be  about  1*5  to  1. 

For  the  Blue  counterattack  scenario  in  Western  Germany,  long-range  mounted,  short-range  mount¬ 
ed,  and  short-range  dismounted  battle  simulations  were  run,  and  the  Red  to  Blue  force  ratio  was 


TABLE  46-5.  BLUE  DEFENSE  RELATIVE  EFFECTIVENESS  SUMMARY 


Alternative 
in  Force 

Red  System 
Losses 

Blue  System 
Losses 

Battle 

Trend 

LER 

Normalized 
on  Ml  I3A1 

MH3A! 

93.6  (43.7%) 

24  8  (44  6%) 

Red 

Favored 

3.8 

1  00 

AIFV 

92.7(43.3%) 

25.0  (44.9%) 

Red 

Favored 

3.7 

0.98 

WICV-WOW 

94.5  (44.1%) 

17.2(32.3%) 

Draw 

5.5 

1.44 
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about  3  to  1.  We  see  from  the  summary  of  battle  results  depicted  in  Table  46-6  that  the  battle  trend 
favored  Blue  no  matter  which  of  the  alternative  fighting  vehicles  was  used  although  the  WICV-WOW 
turns  out  to  be  more  effective. 

With  reference  to  the  Blue  Middle  East  attack  scenario,  the  Blue  task  force — comprised  of  a 
mechanized  infantry  battalion  plus  a  tank  company — attacked  a  Red  motorized  rifle  battalion  with 
an  attached  Red  tank  platoon;  the  results  are  portrayed  in  Table  46-7.  Blue  is  favored  here  in  a  force 
ratio  of  Blue  to  Red  equal  to  about  3.2  to  1.  In  'his  battle-simulated  case,  any  of  the  candidate 
systems  for  Blue  would  develop  a  favorable  battle  trend,  although  again  the  WICV-WOW  seems 
significantly  more  effective  as  shown  by  the  normalized  figures  with  respect  to  the  Ml  13A1  in  Table 
46-7.  . 

Finally,  we  give  results  for  the  armored  cavalry  roles  in  Germany  and  the  Middle  East.  First,  for  the 
Blue  covering  force  comprised  of  an  armored  cavalry  troop  in  Western  Germany  opposing  the  ad¬ 
vanced  guard  of  Red  forces  outnumbering  the  Blue  about  2.7  to  1.  we  exhibit  the  simulated  battle 
results  in  Table  46-8.  In  this  situation,  the  WICV-WOW  outperforms  both  the  M113A1  and  the 
AIFV.  Hence,  it  would  be  recommended  on  the  system  effectiveness  basis  comparison. 

The  last  battle  simulation  covered  in  our  COEA  concerns  the  Blue  force  movement  to  contact  in  the 
Middle  East.  Here  Red  and  Blue  force  strengths  were  equal,  and  a  Blue  armored  cavalry  troop  was 
engaged  in  conducting  a  zonal  reconnaissance  mission  against  a  Red  reinforced  tank  battalion.  We  see 
from  the  battle  results  of  Table  46-9  that  none  of  the  candidate  systems  for  Blue  would  stem  the  tide  in 

TABLE  46-6.  BLUE  COUNTERATTACK  RELATIVE  EFFECTIVENESS  SUMMARY 


Alternative 

Red  System 

Blue  System 

Battle  Trend 

Nor  malized 

in  Force 

Losses 

Losses 

Favored 

l.ER 

on  M 1 1 3  A 1 

(A)  LONG-RANGE  MOUNTED 

Ml  13A1 

16  4  (68  3%) 

14.7  (26.4%) 

Blue 

1.12 

1.00 

AIFV 

13.7  (67  4%) 

14.9(26.7%) 

Blue 

1.05 

0  94 

WICV-WOW 

17.1  ,69. 2%) 

11.2  (20.1%) 

Blue 

1.53 

1.36 

(B)  SHORT-RANGE  MOUNTED 

M113A1 

11.3(82  1%) 

12.3  (21.3%) 

Blue 

0.92 

1.00 

AIFV 

11.4(83  2%) 

11.7  (18.2%) 

Blue 

0.97 

1.05 

WICV-WOW 

12.1  (856%) 

10  0(17.1%) 

Blue 

1.21 

1.32 

(C)  DISMOUNTED 

■ 

MI13A1 

22.1  (85  7%) 

47.2(72.2%) 

Blue 

0.47 

.  1.00 

AIFV 

23.2  (90  8%) 

33.3(51.0%) 

Blue 

0.70 

1.49 

WICV-WOW 

24.3  (91.2%), 

29.8  (45  6%) 

Blue 

0.82 

1.74 

TABLE  46-7.  BLUE  ATTACK  RELATIVE  EFFECTIVENESS  SUMMARY 


Alternative 
in  Force 

Red  System 
Losses 

Blue  System 

Losses 

Battle  Trend 
Favored 

LER 

Normalized 
on  M 1 1 3A 1 

M113A1 

19.8(63.1%) 

23.2  (32.5%) 

Blue 

0.85 

1.00 

AIFV 

18.6  (60  0%) 

22.3(31.7%) 

Blue 

,  0.83 

0.98 

WICV-WOW 

19.0(61.3%) 

12.4(15.3%) 

Blue 

s  .53 

1.80 
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TABLE  46-8.  BLUE  COVERING  FORCE  RELATIVE  EFFECTIVENESS  SUMMARY 


■Xlternative 
in  Force 

Red  System 
Losses 

Blue  System 
Losses 

Battle  Trend 

Fa  sored 

AT.'/? 

Normalized 
on  M113A1 

MI13AI 

25  2  (56%) 

3.7  (26%)  . 

Blue 

2.0 

100 

AIFV 

,  26.7  (58%) 

4  8  (27%) 

Blue 

1.9 

095 

WICV-WOW 

24.9  (54%) 

5.3  (30%) 

Blue 

2.3 

1.15 

TABLE  46-9.  BLUE  MOVEMENT  TO  CONTACT  RELATIVE  EFFECTIVENESS  SUMMARY 

Alternative 
in  Force 

Red  Sy  stem 
Losses 

Blue  System 
Losse- 

Bat.le  Trend 
favored 

/.AT? 

Normalized 
on  Mt  13A! 

M113A1 

7.6  (28%) 

9  8  (32 V, 

Rrd 

0.78 

•  100 

AIFV 

7  1  (27%) 

9.2  (31%) 

Red 

0.77 

0  99 

WICV-WOW 

7  0  (26%) 

'8.9  (29V) 

Red 

079 

1.01 

favor  of  Blue.  Rather,  Red  would  win,  and  the  WICV-WOVV — showing  no  very  significant  superiority 
at  all  here — would  be  barely  more  effective  than  the  Mll3Ai  ind  slightly  better  than  the  AIFV. 

Summarizing  the  effectiveness  studies,  we  see  that  tl.s  WICV-WOVV  outperforms  the  Ml  13A1  and 
AIFV  on  an  overall  basis,  but  we  obviously  need  to  examine  the  cost  picture  rather  closely.  This  is 
done  next. 

46-7  COST  ANALYSES 

In  this  paragraph,  we  summarize  the  dollar  costs  relative  to  including  each  of  the  alternative  vehi¬ 
cles  in  the  US  .Army  force  structure  and  the  fielding  of  Blue  forces  played  in  each  of  the  five  scenarios 
indicated  in  par.  46-6. 

46-7.1  COST  METHODOLOGY 

The  two  types  of  costs  described  in  this  subparagraph  were  calculated  fof-  a  complete  examination  of 
the  cost  implications  ot  each  alternative  candidate  or  competing  vehicle:  These  costs  are  as  follows: 

1.  Life  Cycle  Costs  (LGC’s).  Separate  LCC’s  werecomputed  foreach  alternative  vehicle  over  its  15- 
yr  operational  time  frame.  These  costs  represent  the  total  costs  to  the  Army  of  acquisition  and  owner¬ 
ship  if  each  alternative  were  procured  in  sufficient  quantity  to  satisfy  the  IFV  program  requirements. 
The  LCC’s  are  aggregates  of  DARCOM  estimates  of  those  peacetime  costs  incurred  during  vehicle 
research  and  development  (R&D),  all  associated  recurring  and  nonrecurring  investment  costs,  and 
the  operating  and  support  coots  for  the  vehicle  operational  time  frame.  (See  Chapters  34,  35,  and  36  for 
an  account  of  cost  analysis  procedures.) 

2.  Force  Costs.  Separate  force  costs  were  computed  for  each  Blue  force  exercised  during  the  five 
scenarios  played.  They  represent  the  cost  of  fielding  the  specific  force  in  the  scenarios  and  in  nc  way 
reflect  the  cost  of  ownership  over  any  period  of  years.  These  force  costs  were  developed  by  means  of 
the  force  cost  information  system  (FCIS),  using  the  appropriate  TOE  for  the  type  unit:,  included  in 
the  forces. 
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Additional  analyses,  called  sensitivity  analyses,  were  conducted  to  identify  the  major  cost-driving 
parameters  and  cost  magnitudes  of  several  particular  parameters  of  interest — such  as  a  rebuilt  vs  a 
new.  MI13A1  chassis,  ammunition  rates,  and  logistic  support,  to  mention  some. 

All  estimates  are  expressed  in  constant  FY  77  dollars,  rounded  to  the  nearest  million,  and  include 
13-yr  peacetime  operating  and  support  (O&S)  costs. 

46-7.2  COST  DISCUSSION 

The  1 5-yr  LCC’s  estimates  for  the  total  buy  to  satisfy  both  the  mechanized  infantry'  and  the  ar- 
moied  cavalry  requirements  arc  listed  in  Table  46-10  Separate  LCC’s  for  a  mechanized  infantry  buy 
only,  or  for  an  a'mored  cavalry  buy  only,  are  not  included  in  our  analyses  here. 

The  contributions  of  certain  parameters  to  LCC's  are  presented  as  percentage  ranges  in  terms  of 
minimum  and  maximum  percent  of  LCC's  among  alternatives.  The  parameters  shown  are  those 
dctei mined  to  be  major  contributors  to  the  cost  or  those  pf  particular  interest  to  the  cost  analysts. 


They  are: 

1  Investment  cost  of  vehicle  with  weapon  station  7-26  % 

2.  “War  reserve”  ammunition  of  180  d  0-4% 

3.  O&S  cost  of  vehicle  with  weapon  station  15-22% 

4.  O&S  cost  of  dedicated  crew  22-44  % 

5.  Training  ammunition  cost  3-12% 

6.  Total  O&S  cost  50-70%. 


The  force  costs  for  each  Blue  force  employed  in  the  five  cenarios  played  are  summarized  in  Table 
46-1 1.  Also  presented  are  these  same  costs  normalized  on  the  M113A1  force  costs  for  each  scenario. 
Show  n  next  are  the  parameters  identified  from  the  analytical  effort  as  major  cost  contributors  or  iden¬ 
tified  by  the  cost  subcommittee  as  being  of  particular  force  cost  interest.  They  are  expressed  in  terms 
of  minimum  and  maximum  percent  of  total  force  costs  among  alternatives: 


1.  Total  personnel  cost  41-54% 

2.  CBT  tank  cost  18-38% 

3.  Logistic  support  cost  0-3  % 

4.  Candidate  vehicle  cost  3-21%. 


The  sensitivity  analysis  resulted  in  the  following  observations: 

1.  Cost  analy  is  results  are  not  affected  by  the  difference  between  new  and  rebuilt  M113A1 
chassis. 

2.  Personnel  costs  constitute  about  half  the  total  cost  as  might  have  been  expected. 

3.  Annual  recurring  costs  represent  50%  or  more  of  the  total  cost  for  an  expected  life  of  15  yr  or 
longer. 


TABLE  46-10.  LIFE  CYCLE  COST  —  $  X  10* 


Alternatives 

K&l) 

Investment 

1 5-yi 

O&S 

Total 

Total  Cost 
NormalizH  ' 
on  MI13AI 

Ml  t JAI 

s  o 

>  612 

>2,?H> 

>3,442 

1.00 

AI*Y 

128 

>1.573 

>3.180 

>4.781 

1.39 

W1CVWOW 

>88 

>3,000 

>3,000 

>6,800 

1.98 
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TABLE  46-11.  FORCE  COST  SUMMARY  - 

-  $  X  10‘ 

Total  Cost 

I  5-yr 

Normalized 

Scenario 

Alternatives 

Nonrecurring 

Recurring 

Total 

on  M 1 1 3A I 

Blue  Defense 

M113A1 

AIFV 

$16 

$19 

$142 

$146 

$158 

$165 

1.00 
.1  04 

WICV-WOW 

$26 

’  $  1 48 

$174 

1.10 

Blue  Counterattack 

M113A1 

AIFV 

$43 

$45 

$240 

$243 

$283 

$288 

1  00 

1.02 

WICV-WOW 

$50 

$244 

$294 

1  04 

Blue  Attac  k 
(Middle  Fast) 

MUM! 

$24 

$266 

$290 

1  00 

AIFV 

WICV-WOW 

$31 

$46 

$275 

$278 

$306 

$324 

1 .06 

1.12 

Blue  Cover  inn 

Force  (Europe) 

M1I3A1 

AIFV 

WICV-WOW 

,*12 

$13 

$1° 

$  54 

$  56 
$  59 

$  66 
$  69 
$  78 

1.00 

1.05 

1.18 

Blue  Movement  to 

M1I3A1 

$18 

$  76 

$  94 

1.00 

( ontact 

AIFV 

$19 

$  79 

f  98 

1.04 

(Middle  East) 

WICV-WOW 

$26 

$  83 

$109 

1.16 

4.  The  LCC- 's  rank  ordering  appears  to  be  insensitive  to  either  a  10-  or  20-yr  operating  life. 

5  eost  impacts  of  training,  additional  logistic  support,  and  variance  in  ammunition  stockage/ 
usage  rates  aie  not  significant  for  comparative  purposes. 

46-7.3  COST  SUMMARY 

We  might  summarize  cost  findings  as  follows: 

1.  Life  eyclc  Cost.  Based  on  normalized  LCC's  presented  in  the  preceding  paragraphs,  the  tost  of 
alternatives  when  compared  to  the  base  case  are  presented  in  Table  46-12.  Primary  differences  be¬ 
tween  alternatives  are  attributed  to  successively  increasing  investment  costs  associated  with  introduc¬ 
ing  progressively  more  complex  new  hardware  into  the  inventory,  c.g.,  the  WICV-WOW. 

2  Korce  Unit  Cost.  All  alternative  forces  were  considered  ;o  have  equal  rank  order  in  the  Blue 
defense  and  Blue  counterattack  scenarios  since  alternative  vehicle  costs  were  overshadowed  by  costs 
for  personnel  and  the  CBT.  In  the  Blue  attack  scenario  and  both  '•rmored  cavalry  scenarios,  however, 
the  WICV-WOW  force  cost  was  significantly  higher  than  that  of  the  base  case  force  cost.  Additionally, 
in  both  cavalry  scenarios  the  WICV-WOW  force  cost  was  significantly  higher  than  those  for  the 
MI13AI  or  the  AIFV.  The  differences  in  both  cases  are  due  to  larger  ratios  of  alternative  vehicles 
within  each  force  which  prevent  personnel  and  CBT  costs  from  dominating  vehicle  costs  within  the 
force  structure. 

In  summary  we  see  that,  although  the  WICV-WOW  has  greater  potential  effectiveness,  it  is  also 
much  more  costly  than  either  the  M1I3A1  or  the  AIFV.  In  view  of  this,  we  must  now  integrate  the 
cost  and  effectiveness  values  in  some  way. 

46-8  INTEGRATION  OF  COST  ESTIMATES  AND  OPERATIONAL 

effectiveness  Values 

The  WICV-WOW  is  an  effective  armored  infantry  type  of  fighting  vehicle  and  it  could,  as  a  matter 
of  fact,  possess  potential  value  as  an  important  member  of  a  combined  arms  team;  however,  it  does 
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TABLE  46-12.  RELATIVE  LIFE  CYCLE  COSTS  RANK  ORDER 

Life  Cycle  Cost 
1 

2 
3 


seem  to  be  expensive.  Therefore,  it  becomes  incumbent  upon  us  to  integrate  costs  and  operational  ef¬ 
fectiveness  in  some  way  to  make  a  final  judgment  for  our  analysis.  In  our  outline  of  the  YVICV-WOW 
CGEA  in  this  chapter,  we  did  not  fix  organizational  costs  and  then  find  the  relative  effectiveness  of  the 
YVICV-WOYV ;  nor  did  we  fix  the  desired  level  of  effectiveness  needed  and  then  calculate:  costs  of  alter¬ 
native  combined  arms  forces  as  indicated  or  implied  in  Chapter  37.  Rather,  we  started  from  the 
premise  that  there  should  be  certain  numbers  of  armored  infantry  fighting  vehicles  in  our  proposed 
new  combat  organizations,  and  then  we  war-gamed  several  battle  situations  of  critical  interest  to  see 
just  how  the  candidate  or  competing  systems  would  function — operationally  speaking.  Of  course, 
available  expert  military  judgment  might  argue  that  a  new  weapon  for  the  combined  arms  team 
generally  of  the  characteristics  of  the  WICV-WOW  must  be  procured  for  the  inventory  anyway,  no 
matter  what,  and  that  costs  should  be  of  litt'e  concern.  In  particular,  there  must  be  more  tank  killers 
on  the  battlefield — especially  infantry  fighting  vehicles  that  can  defeat  tanks  also.  Nevertheless,  we 
should  perhaps  attempt  to  quantify  our  COEA  a  bit  better  at  this  stage,  and  this  may  now  be  done 
rather  easily. 

A  very  simple  and  perhaps  adequate  method  of  combining  costs  and  operational  effectiveness  is  that 
of  th  concept  of  relative  R II  may  be  defined  as  follows: 

RW  =  RE/RC  (46-3) 

where 

RW  -  relative  worth  (an  overall  descriptor) 

RF.  =  relative  effectiveness  normalized  on  the  base  case 
RC  -  relative  cost  normalized  on  the  base  case. 

In  view  of  the  fact,  as  indicated  in  par.  46-7,  that  personnel  costs  are, often  the  most  dominant  cost  of 
all,  the  relative  worth  may  often  depend  primarily  on  the  relative  effectiveness  RF  which  represents  no 
disadvantage.  We  have  calculated  the  RW  values  for  the  five  different  scenarios,  and  they  are  dis¬ 
played  in  Table  46-13. 

Scrutiny  of  Table  46-13  indicates  that  the  WICV-WOW  vehicle  performs  in  quite  a  valuable  way  as 
a  member  cf  the  combined  arms  team  in  terms  of  its  operational  effectiveness  and  force  costs,  even 
though  it  is  more  expensive.  In  fact,  it  is  only  in  the  role  of  Blue  movement  to  contact  that  the  WICV- 
WOW  is  somewhat  deficient,  and  this  is  not  expected  to  represent  the  most  important  battlefield  con¬ 
dition  for  the  armored  infantry  fighting  vehicle  anyway.  Our  conclusion  then  on  the  basis  of  all  of  the 
subjective  evaluations  and  the  quantifiable  measures  of  effectiveness  and  coats  is  that  we  believe  the 
WICV-WOW  is  a  highiy  desirable  addition  to  the  combined  arms  teams  as  compared  vith  the 
M113A1  or  the  AIFV.  WICV-WOW  should,  therefore,  be  recommended  for  procurement. 

46-9  ADDITIONAL  COMMENTS 

The  reader  can  appreciate  that  a  COEA  attempts  to  go  beyond  the  intended  scope  of  an  effec¬ 
tiveness  analysis  or  even  a  cost-efiectiveness  analysis.  In  fact,  the  term  “operational”  has  been  added 
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TABLE  46-13.  SUMMARY  OF  RELATIVE  WORTHS  RW 


Alternative 
in  Combat 
Force 

Blue 

Defense 

1  Blue  Counterattack 

_ i 

Blue 

Attack 

Blue 

Covering 

Force 

Blue 

Movement 

to 

Contact 

Long-Range 

Short-Range 

Dismounted 

MI13AI 

1.00  , 

1.00 

1.00 

1.00 

1.00 

1.00  • 

1.00 

AIFV 

0.9? 

1.05 

1  11 

1.69 

1.08 

0  90 

0.98 

WICV-WOW 

1.38 

1.38 

1.24 

l.7.3 

1.94 

0  97 

0.89 

\ 


to  this  type  of  systems  analysis,  and  presumably  it  really  requires  in  some  way  the  quantification  of 
operational  factors  not  previously  dealt  with  very  extensively.  It  might  te  argued  that  a  whole  new  era, 
or  method  of  analysis,  has  therefore  been  opened  up  for  the  practicing  systems  analyst.  Although  at 
the  present  stages  of  development,  it  also  may  be  argued  that  cost  and  operational  effectiveness 
analyses  have  not  really  advanced  significantly  beyond  cost-effectiveness  studies.  Indeed,  command, 
control,  and  communication  characteristics  art  not  easily  integrated  into  battle  scenarios  through  the 
presently  available  quantitative  methods;  nor  is  mobility,  night  operations,  the  use  of  smoke,  logistics, 
suppressive  fire,  or  enemy  air  attack,  for  example.  About  the  best  that  can  be  done  for  the  present  time 
is  to  try  to  program  scenarios  for  battle  simulations — whether  manual,  war  game,  or  computerized — 
and  work  the  more  intangible  factors  into  such  simulations  insofar  as  possible.  The  present  COEA 
did,  as  a  matter  of  fact,  try  to  cover  some  of  the  operational  factors  by  using  battle  scenarios  in  two  dif¬ 
ferent  probable  combat  zones  as  '."ell  as  different  types  of  battle  conditions,,  which  probably  should  be 
expected  in  campaigns  of  the  projected  future.  We  do  realize,  nevertheless,  that  there  exist  many  ad¬ 
ditional  areas  of  interest  for  the  systems  analyst  to  quantify  in  any  future  work  on  COEA’s. 


46-10  SUMMARY 

'H^W'e  have  attempted  to  display  some  of  the  methodology  which  might  "be  used  in  COEA-type 
anaTy*esmc,studies.  Our  example  covers  the  projected  combat  capabilities  and  analyses  of  armored  in¬ 
fantry  fighting  vehicles,  particularly  the  WICV-WOW,  and  this  phase  of  combined  arms  studies  seems 
very  important  indeed.  In  fact,  it  is  easily  seen  that  armored  infantry  fighting  vehicles  very  likely  will 
have  to  be  armed  because  occasionally  they  will  be  required  to  participate  in  the  direct  fire  battles  and 
to  have  a  good  capability  of  killing  enemy  tanks,  armored  personnel  carriers,  and  other  Red  weapon 
systems.  Also,  infantry  riflemen  should  be  able  to  fire  from  them  with  some  protection.  The  WICV- 
WOW  was  found  to  be  capable  of  turning  around  otherwise  favorable  Red  trends  in  the  critical  battle 
situation  of  Blue  defense.  Also,  for  the  first  time  we  have  fou  id  the  concept  of  an  armored  infantry 
fighting  vehicle  which  allows  Blue  forces  to  fight  mounted  in  accordance  with  current  and  projected 
Army  doctrine. 

REFERENCE 

1.  US  Army  Training  and  Doctrine  Command,  Mechanised  Infantry  Combat  Vehicle  and  Mechanised  Infan¬ 
try  Combat  Vehicle  Scout  Cost  and  ()f/eralionat  Effectiveness  Analysis  (Short  Title:  MICV  and 
,  MICV/SCOUT  COEA),  Vol.  I,  Executive  Summary  (U),  US  Army  Training  and  Doctrine  Com¬ 
mand,  Fort  Monroe  VA,  1  June  1977  (CONFIDENTIAL). 
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APPENDIX  A 

RELATIONSHIP  OF  COEA  TO  THE  MAJOR  SYSTEMS  ACQUISITION  PROCESS 


System  Acquisition  Questions  Addressed  by 

Phase  Analysis  During  Pht.se 


Scope  and  Characteristics  of  Supporting  Documentation 

Analysis  Perfo.  .ned  During  Phase  and  Decision  Milestone  at 

Conclusion  of  Phase 


Early  Investigation 


Program  Initiation 


•  What  will  be  the  missions 
that  must  be  performed? 


•  What  will  be  the  threats 
and  what  is  the  existing 
capability  to  perform 
the  missions? 


•  What  would  be  the  de¬ 
ficiencies  in  DOD  capa¬ 
bility  for  mission  accom¬ 
plishment  especially  in 
light  of  improvement  op¬ 
portunities? 

•  What  would  be  the  im¬ 
pact  of  not  rectifying  the 
deficiencies  ? 

•  What  will  be  the  missions 
that  must  be  performed? 


•  What  will  be  the  threats 
and  what  is  the  existing 
capability  to  perform  the 
missions? 


•  What  would  be  the  mis¬ 
sion  deficiencies? 

•  What  could  be  done  to 
remedy  the'  deficiencies; 
i.e.,  what  are  the  alterna- 
t-es? 


•  To  what  extent  would  the 
alternative's  remedy  the 
mission  deficiencies ' 

•  What  would  be  the  costs 
associated  with  each  al¬ 
ternative? 


Eanulx  at  Systems  Study  (FOSS) 

•  Address  major  mission  areas 
(e.g.,  field  artillery,  tank/anti¬ 
tank). 

•  Study  current  and  projected 
threats,  capabilities,  and  de-. 
ficiencies. 

•  Study  trade-offs  among  systems 
within  a  family  and  between 
families. 

•  Establish  the  need  for  generic 
systems  (e.g.,  tanks). 

•  Update  periodically  to  reflect 
major  changes  in  threat,  doc¬ 
trine,  forces,  and  technology. 


Cost  and  Off  rational  Eff/itivrnns 
Analysis 


•  Solicit  issues  and  alternatives 
from  major  interested  parties 
(e  g.,  HQ,  DA,  OSD). 

•  Reassess  mission  deficiency. 

•  Dev  -lop  operational  concepts, 

•  Cor  sider  wide  range  of  alterna¬ 
tive!;  e.g,,  product  improve- 
inei.ts,  and  systems  of  other 
branches,  services,  and  natio.is. 
Use  rapid  analysis  techniques- 
ana  ytic  effectiveness  models, 
par  imetric  costing  models. 


•  Conduct  extensive  sensitivity 
ana  yses  to; 

••It  lentify  key  elements  of  cost, 
p  xformance,  and  effective- 

I*  !SS.  , 

••Establish  bounds  of  cost,  sys¬ 
tem  characteristics,  perform- 
ai  ice,  and  effectiveness. 


•  M  ission  Element  Need 

•  Milestone  0  —  Decision 
on  entering  Program  Ini¬ 
tiation  Phase 


•  Letter  of  Agreement 
(LOA) 

•  Concept  Formulation 
Package 


•  Initial  Development 
Concept  Paper  (DCP) 


•  Milestone  1  —  Decision 
on  enterir’  Demonstra¬ 
tion  and  Vui  ation  Phase 
(ASARC/DSARC  I) 


(cont’d  on  next  page) 
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APPENDIX  A  (cont’d) 

System  Acquisition  Questions  Addressed  by  Scope  and  Characteristics  of  Supporting  Documentation 

Phase  Analy  sis  During  Phase  Analysis  Performed  During  Phase  and  Decision  Milestone  at 

Conclusion  of  Phase 

•  Identify  uncertainties. 

•  Identify  key  issues  for  testing. 

Demonstration  and  •  What  will  be  the  missions  Cost  and  Operational  Effective-  •  Required  Operational 

Validation  that  must  be  performed?  ness  Analysis  Capability  (ROC) 

•  Solicit  issues  and  alternatives 

•  What  will  be  the  threats  from  major  interested  panics 
and  what  is  the  existing  (e.g.,  HQ  DA/OSD) 
capability  to  perform  the 

missions?  •  Update  and  analysis  of  mission 

deficiencies  done  in  the  Program 

•  What  Would  be  the  mis-  Initiation  Phase, 
sion  deficiencies? 

•  Focus  on  a  more  limited  set  of 

•  What  could  be  done  to  system  alternatives, 

remedy  the  deficiencies; 

i.e.,  what  are  the  alteraa-  •  Use  more  detailed  analysis 
tives?  techniques  as  appropriate  to  the 

issues  and  alternatives,  combat 

•  To  what  extent  would  the  simulations,  engineering  cost  es- 

alterpatives  remedy  the  timates. 

mission  deficiencies? 

•  Use  DT/OT  I  test  data  and 
FDTE  data  as  appropriate. 

•  What  would  be  the  costs 
associated  with  each  al¬ 
ternative? 

Full-Scale  Engineer-  •  What  will  be  the  missions  Cost  and  Operational  Effective-  •  Updated  DCP 
ing  Development  that  must  be  performed?  ness  Analysis 

•  What  will  be  the  threats  •  Solicit  issues  and  alternatives  •  Milestone  III  —  Decision 

and  what  is  the  existing  from  major  interested  parties  on  entering  Production 

capability  to  perform  the  (e.g.,  HQ  DA/OSD).  and  Deployment 

missions? 

•  Update  analysis  of  mission  defi- 
'  •  What  would  be  the  mis-  dencies  done  in  Demonstration 

lion  deficiencies  ?  and  Validation  Phase  —  may  be 

abbreviated  depending  on  cir-  _ 

•  What  could  be  done  to  cumstances  (e.g.,  little  change  in 
remedy  the  deficiencies;  the  threat  force,  etc.,  since  pre- 
i.e.,  what  are  the  alterna-  vious  analysis). 

tives? 

•  Focus  on  a  limited  set  of  system  • 

•  To  what  extent  would  alternatives.  \ 

the  alternatives  remedy 

the  mission  deficiencies?  •  Update  cost  and  effectiveness  es¬ 
timate  using  DT/OT  II  data 

•  What  would  be  the  costs  and  detailed  costing, 

associated  with  each  al¬ 
ternative?  (cont’d  on  next  page) 


•  Updated  DCP 


•  Milestone  II  —  Decision 
on  entering  Full-Scale  En¬ 
gineering  Development 
(ASARC/DSARC  II) 


/Sograrn  Initiation 
(cont’d) 
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APPENDIX  A  (cont’d) 

System  Acquisition  Questions  Addressed  by  Scope  and  Characteristics  of  Supporting  Documentation 

Phase  Analysis  During  Phase  Analysis  Performed  During  Phase  and  Decision  Milestone  at 

Conclusion  of  Phase 

Production  and  •  Does  production  hard-  Cost  and  Operational  Effectiveness  N/A 

Deployment  ware  meet  specifications  ?  Analysis 

•  Does  ILS  work?  •  To  be  determined  on  a  case-by- 

case  basis. 

•  Can  system  meet  readi¬ 
ness  objectives? 


APPENDIX  B 
MODELS 
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Models  represent  systems  in  a  mathematical  or  physical  form  which  is  suitahie  for  examining  the 
way  the  represented  systems  perform.  Models  do  not  depict  reality  in  all  aspects;  instead,  they  are  de¬ 
signed  to  represent  the  inputs,  internal  characteristics,  and  outputs  essential  to  the  purpose  for  which 
the  model  is  developed.  Models  are  not  “good” or  “poor”;  they  are  “good  for  .  .  .”  or  “poor  for  .  . 

Model(s)  to  be  used  in  a  COEA  should  be  selected  based  on  examination  of  all  objectives,  alter¬ 
natives,  issues,  the  range  of  environmental/threat  conditions  to  be  considered,  and  the  time  and  re¬ 
sources  available  to  the  study.  There  are  three  major  sources  of  models,  any  one  of  which,  or  com¬ 
bination  thereof,  may  be  appropriate: 

1.  Existing  models  can  be  used  and  have  the  advantage  of  familiarity,  comparability  of  results 
with  earlier  studies,  and  ease  of  start-up  and  operation.  They  have  the  disadvantage  that  there  is 
danger  of  tailoring  the  problem  to  the  model  rather  than  the  reverse. 

2.  Modifications  of  existing  models  can  be  made,  and  this  approach  has  the  same  advantage  as 
the  use  of  existing  models  except  ease  of  start-up.  The  disadvantages  are  the  same  except  that  modifi¬ 
cation  can  be  a  time-  and  resource-consuming  activity  requiring  a  lengthy  checkout  period. 

3.  Development  of  a  new  model  can  be  undertaken.  This  has  the  advantage  that  the  model  can  be 
tailored  to  the  problem  under  study.  The  disadvantage  is  that  it  can  be  very  time-consuming,  usually 
much  more  so  than  recognized  at  the  time  the  approach  is  contemplated. 

Models  can  be  grouped  according  to  various  attributes  of  classification:  representational  form, 
treatment  of  chance  elements,  methods  of  use,  and  extent  of  human  integration  are  but  a  few. 

Viewed  according  to  representational  form,  models  are  of  three  basic  types,  with  a  fourth  type  being 
a  compound  of  the  basic  types: 

1.  Iconic  models  “appear  similar”  to  the  systems  they  represent.  They  result  from  metric  scaling. 
They  represent  siatic  ,ystems  or  a  time  snapshot  of  a  dynamic  system.  A  model  of  a  missile  built  for 
test  in  a  wind  tunnel  is  an  example.  A  globe  is  another  example. 

2.  Analogic  models  do  not  usually  look  like  the  systems  they  represent  but  —  in  relevant  part  — 
they  act  like  them.  A  laboratory  lash-up  of  tubes,  valves,  pumps,  and  fluids  may  be  an  analogic  model 
of  the  human  circulatory  system.  The  electrical  circuits  in  an  analog  computer  can  serve  as  a  model  of 
the  control  surfaces  of  a  missile  system. 

3.  Symbolic  models  represent  the  elements  of  a  system  in  its  environment  in  symbolic  —  usually 
mathematical  —  form  that  can  be  manipulated  according  to  rules  of  logic.  Symbolic  models  are  ab¬ 
stract,  and  they  do  not  in  appearance  resemble  the  system  that  they  -epresent.  Most  COEA’s  use  sym¬ 
bolic  models. 

4.  Compound,  or  hybrid,  models  represent  systems  by  using  a  combination  of  submodels  of  dif¬ 
ferent  representational  forms.  Many  war  game  models  are  compound,  using  submodels  that  are 
iconic,  analogic,  and/or  symbolic. 

Viewed  according  to  treatment-of-chance,  models  are  of  two  types: 

1.  Exact,  or  deterministic,  models  do  r  ot  represent  chance  elements,  except  insofar  as  input 
values  may  be  probabilistically  derived.  In  a  sense,  many  of  tne  mathematical  “laws”  of  physics,  such 
as  s  m  at*/2  are  exact  models. 

2.  Stochastic,  or  probabilistic,  models  represent  the  chance  elements  in  .i  system  and/or  its  en¬ 
vironment.  The  performance  of  many  systems  is  highly  variable,  with  predictions  of  performance  be¬ 
ing  reliable  only  in  a  statistical  sense.  Ballistic  dispersion  of  gunfire,  time  to  detect  a  target,  and  time  to 
failure  of  a  hardware  component  are  examples. 
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APPENDIX  B  (cont’d) 

Viewed  according  to  tl .e  methods  of  integration  of  humans  into  them,  models  are  of  two  types: 

1.  Systemic  models  do  not  include  human  beings  in  the  representation  of  the  system  at  issue  ex¬ 
cept  that  inputs  may  be  a  function  of  human  performance,  e.g.,  detection  probabilities.  Rather,  the 
elements,  relations,  and  rules  are  specified  —  to  include  all  contingencies  —  and  the  model  is  run 
autonomously  to  examine  the  behavior  of  the  represented  system.  Many  cumputer-played  battle 
simulations  —  such  as  C  \RMONETTE  and  DYNTACS  —  are  systemic  models. 

2.  Role-playing  models  include  human  beings  in  the  representation  of  the  system  at  issue.  Many 
manual  war  games,  business  games,  military-political  games,  etc.,  elect  to  integrate  human  decision 
making  directly  into  the  model.  (This  obviates  the  need  to  develop  specific  decision  rules,  but  it  also 
means  that  they  remain  implicit  and  largely  not  understood  or  necessarily  agreed.) 

There  are  three  methods  that  are  used  wiaely  with  symbolic  models  to  examine  system  behavior: 

1.  Analytic  solution  methods  involve  the  straightforward  application  of  the  techniques  of  the 
branch  of  classical  mathematics  known  as  analysis.  Analytic  methods  are  extremely  powerful  and  ef¬ 
ficient,  but  not  all  systems  are  readily  represented  by  models  that  arc  solved  analytically. 

2.  Numerical  solution  methods  are  often  used  to  solve  systems  of  equations  that  result  from  sym¬ 
bolic  models  of  systems.  Numerical  methods  are  generally  less  elegant  than  analytic  methods  but  they 
—  subsequent  to  the  introduction  of  high  speed  digital  computers  —  have  become  very  powerful  tools 
when  dealing  with  models  that  defy  analytic  solution.  Most  numerical  methods  involve  selection  of  a 
trial  solution  and  then  proceed  through  rapid  successive  iterations  to  converge  to  an  acceptably  good 
solution. 

5.  Monte  Carlo  solution  methods  often  are  used  in  connection  with  symbolic  models  which  con¬ 
tain  numerous  stochastic  elements.  In  the  Monte  Carlo  method,  a  “suitably  random”  sample  number 
is  produced  each  time  a  random  chance  variable  is  encountered  in  representation  of  the  system. 
Available  or  not  available,  detect  or  not  detect,  retention  time,  hit  or  miss,  kill  or  not  kill,  time  to  re¬ 
pair,  etc.,  are  examples  of  variables  that  often  are  approached  using  Monte  Carlo  techniques.  Since 
the  model  results  are  influenced  by  the  samples  that  are  drawn  at  random,  Monte  Carlo  methods  re¬ 
peat  the  process,  drawing  other  random  samples,  to  produce  a  distribution  of  outputs  that  must  then 
be  analyzed  statistically.  It  is  often  found  that  the  results  of  the  exercise  of  a  Monte  Carlo  model  can  be 
nearly  duplicated  by  analyt’c  models.  This  can  lead  to  a  substantial  reduction  of  cost  and  time  if  ad¬ 
ditional  results  are  desired. 

From  the  foregoing,  it  is  plain  that  analysts  build  and  use  models  of  systems  in  order  to  learn  about 
the  systems.  There  are  many  different  types  of  models,  and  they  are  exercised  in  many  different  ways 
to  learn  of  system  behavior.  Model  building  is  an  art  form  of  high  fascination  to  analysts  and  some¬ 
times  —  sadly  —  the  model  replaces  the  system  as  the  focus  of  prime  interest. 
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